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The hyperfine.fields at Mn nuclei in a~tiferromagnetic ~-manganese 

and gold-manganese have been calorimetrically determined to be 65 kOe 

and 320 kOe: respectively. For antiferromagnetic chromi"t.lill: ho-vrever: 

the magnetic hyperfine heat capacity 1-ras not observed at temperatures as 
I 

lo1.,r:as 0.06 6K: and only an upper limit to the hyperfine field at Cr 
. \ 

.I 

nuciei; 13 kOe: could be obtained. All these values are smaller than 

that expected from the results for the ;ferro~agnets o.f the iron series; 

iron, cobalt: and nickel. This apparent difference might be due to the 

4s-electron contribution or to the exchange polarization of the 3s-· 

electrons of one ion by the ,.3d.:.:eleetrons of its neighbours. 

The magnetic hyperfine heat capacities of t1.,ro alloys containing 

respectively 0.75 at.% Os and 3.21 at.% Pt dissolved in Fe have also 

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

1400 kOe for Os and 1390 kOe for Pt. 

II 

Meastu~ements of the heat capacities of ~ilute manganese in copper 

alloys have been made below 1 °K :to. ·determine the contribution to the 
:..- :~ 
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lO'Iv-temperature heat., capacity, that is associated -vrith the magnetic 
.' ·. -;,.. t 

ordering ·process. Tne theoretical lovr-temperature ·limit for this 

·'. 
anomaly, 1vhich is linear in temperature and independent of manganese 

~ . ·, 
concentration, vras not observed 7 although the heat capacity was foLL."ld 

to be remarkably insens.itive ·to manganese ·-concentration .. 

The heat·capacities of several higher' manganese content copper-

manganese alloys have also been determined. Forall samples used in 

this vrork, which cover the whole composition range of the copper-manganese 

system, the hyperfine fields He at Mn nuclei were calculated from the 

observed h:yperfine heat capacities by neglecting the contributions from 

Cu nuclei. These values and that of -y-mangane.se give a more or less 

·linear relation between manganese content and H J vrhich changes fror.'l 
e 

I 

65 kOe for ')'-manganese-to about 305 kOe for the dilute manganese alloys. 

1 
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I. SOME IviEASURE.lV.LENTS OF Iv1AGNETIC 
h.Y.PERFINE HEAT C.APACITIES 

A. I~"TRODUCTION 

l. Hyperfine Fields in Magnetically-Ordered Metals and.Alloys. 

Hyperfine or effec~ive magnetic fields He acting on the nuclei 

have been observed for a '\·ride variety of mii:gnetic materic.ls. 
1 

These 

fields are inti.mately related to and involved l'lith some of the most 

f\.mdamental 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 

arises from the. Fermi contact interaction
2 

bet1.reen the nucleus· and the 

spin or exchange-polarized core. electronics . 1 ' 3 It '\'las first pointed out 

by Sternheliaer
4 

that for 'systems with unpaired outer electrons the 

interaction of these unpaired electrons '-lith 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 d~1sity at the nucleus 

behreen electrons with opposite spins for all the paired s electrons 

in the atom. In magnetically-ordered metals and alloys, hov.rever, the 

situation is more complicated since one can not separate any particular 

.atom or nucleus from its complex enviro~~ent. According to the pioneering 

paper of Marsha115 and f'urther investigations of other 1wrkers, l, 6: 7 

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

these substances can be sum."narized as in the follsvring terms: 

i. Local field--this is the usual internal field 1·.rhich includes 

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

small residu~ of the local field that exist·s for non-cubic symmetry. 
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ii. Core electron field--three different types of core electron 
. ~ ~· ·. '). . 

contributions are: 

(a) The field, via Fermi contact interaction, from core s 

electr6ns ~polarized 'by unpaired 3d electrons. 

(b) 
' . 

The field f.rom any unquench~d orbital moment of the 3d 

electrons. 

(c) The dipole field associated -vrith the spin of the 3d 

electrons. This term is. zero for cubic syn~~etry. 

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

conduction electrons at the nucleus v!ill contribute to H via the Fermi. 
e 

contact interaction. This net spin density can a1·ise from the follo-vring 

mechanisms: 

(a) Polarization of the conduction electrons by the unpaired 

3d electrons in the same way as the core s electrons. 

(b)· Admixture of conduction electrons into the 3d band.· 

(c) T'.ne covalent mixing' of the conduction electrons and 3d 

electrons of neighbouring ions. 

Some of the terms mentiq.ned.: above give positive field cont~ibutions 

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

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

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

In practice, there are still too. many uncertainties in theoretical 

calculation of most of these terms, and more experimental data on hyper-

l 

fine fields ivould be valuable as a guide to further theoretical Horlc 

Historically, early precise studies of the optical spectre~ of free 

atoms -vrere ~s.ed to detect the hyperfine interaction of nuclear magnetic . . . 

moments 'lvith the spin and orbital moments of the atomic electrons. 

•' 

;.; 

' 

' 
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Later the development of micro'lfave techniques made it pos'si'ble to study 
·.· ·. it-; • ' 

this effect in solids 'by electron par&~agnetic resonance. 

can be observed only in the absence of 'broadening due to the dipoL?..::.' 

field of neighbouring ·magnetic ions. T'ne dipolar field must therefore 

·either be negligible, a~ in magnetically d.~lute substances, or it must 

be averaged to zero bJ! rapid exchange among the surrounding dipoles. 

In contrast, the expected splitting of the nuclear energy levels in a 

solid can only be measured in a magnetically- ordered lattice. Othenv-ise 

the electron-lattice relaxation, -vrhich is rapid compared 1.;ith the nuclear 

Larmor frequency in the field H , will give zero (H ) • e e 

So far all the experimental data on H for magnetically-ordered 
e 

metals and alloys have b'e\:m· obtaineCl. by four different rile;thods, namely, 

nucl~ar magnetic resonance, Mossbauer effect, nuclear polarization, and 

loH temperature heat capacity measurements. The first t1w are spectroscopic 

in nature, -v;hereas the other two are based on the temperature dependence 

of the distribution &~ong the various nuclear ·spin or{entation .levels 

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

but also limitations in certain. !espects .. The ti.J'o spectroscopic methods 

are more accurate, provided that hyperfine structures can be well-

resolved. Such resolution is not always attainable. They can also be 

used at a wide range of te~peratures to study the temperature dependence 

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

to a limited number of nuclei shovring this effect. The wider applicability . 

of the nuclear polarization method' is a distinct advantage. Hm·rever, this 

method and, in some cases, the Mossbauer effect give the pr~duct of He and 

the magneti~:p1oment for a nuclee.r excited state, which is not ahrays 

kno-vm. On the contrary, the interpretation of the results of the heat 
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capacity method needs only the knmdedge of the magnetic moment for the 
·~ 

l' •" ·, i.e ~ • I : '.: 

nuclear ground. state. The nuclear polarization and the heat capacity 

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

J..L.T-Ie/k ( ;..t is the nuclear magnetic moment and k is' Boltzmar.n r s constant), · 

r ~ . 
and measure only certain a:verage values, not the distribution, of the 

hype1·fine field. other ·limitations for the heat capacity method 1-Till 

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) ~
e 

manganese and chromiu..rn_, (b) gold'""manganese, and (c) dilute osmiu.rn and 

' platinum in iron. 

8 0-11 . ' ~. 12 _,_, 
For the ferromagnetic metals iron, cobalt,/ and nlc£e~, vne 

valu6s of He are knmm. Since further progres·s to-..vard understanding the 

origin of H see...'Tis to require its evaluation in a variety of situations, e . 

the values of H for the antiferromagnets of the iron series, a- and e 

'Y-manganese and chromium are of interest. 
. ' . 

Hoi>Tever, eX-manganese is not 

suitable for calorimetric measurements bec~use it has four magnetic sites 
\ 

lvith different moments
13 

and,.pre:sumably_ different values of He. It also 

has ·a complicated structure which vrould make an interpretation of the 

H values difficult, even if they could be measured separately and e 

assigned to the correct sites. The gold-manganese alloy is another 

antiferromagnetic metal 1.;ith a relatively simpl~ $tructure. 

Th~ general behavior of the conduction electron contribution to H 
e 

is not l·lell -understood. · More inf~rmation on this' point, particularly 

from a systematic study of the hyperfine field at the nuclei of diamagnetic 
. . . ' 

impurities ~j,_ssolved in magnetically-ord~red metals, \·!OUld help in the. 

interpretation of the magnetic ordering process. 1·1 values for osmiu1·n e 

' 
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and platinum in iron are of interest for comparison with the knO':m E 
e 

=.· ·. "'' • 
values for most of the other third-transition-group ela~ents; all in 

' .. : 

dilute solution in iron . 

.. 
2. Me<;:netic H;y-oerfine qontribution to Lm'' Ternperature Heat C2:9acity. 

The low temperature heat capacity of a· normal metallic solid is 

usually composed of lattice and electronic ter~s, which relate to the 

Debye characteristic temperature and the density of states r..t the Fermi 

surface of the solid, respectively. In addition to these tivo terms, 

hoHever, additional heat capacity terms occur in certain cases due to 

the occupation of other energy states. The temperature at i·rhich such an 

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

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

anomalies one can often obtain information about the energy levels 

giving rise to them. 

·one such anomaly arises from the magnetic: hyperfine interaction. 

In the presence of the hyperfi:r.e field H the spatial degeneracy of the 
e 

nucJ.ear spin I is removed and each nuclear level is split into its 

(2I + 1) components. The energy' shift ·of the sub-state '\·rith quantu.m 

nu."Ylber m is 

E = m 
m H 
I fl. e (1) 

·where m = -I, -I+l, .... , I-1, I and the direction of H has been taken 
e 

as the axis of quantization .. The relative population of these (2I + 1) 

sub-states changes with temperature. For a system of N atoms the tot:::..l 

energy associated with this kind of excitation is 
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!-tH 
m I (kT e)· 
- uH e 
I · e 

J:.tH 
where x = kTe and the Brillouin function BI(x) is given by 

( ) · 2I+l · t,·(2I+l).. 1 ( 1) 
BI x = 2I co .u 2I x - 2I coth 2I x 

(2) 

_(3) 

The additional term in the heat capactiy, vrhich results from increasing 

the population of the upper states, is.obtained by differentiating~~ 

with respect to the te.rnperature. This leads to a Schottky anomaly 

( ~-) 

where CN is the heat capacity for Avogadro 1 s nwnber of nuclei and R is 
. !-tH , . 

the gas constant. For small value, of (kT e) one can use the leading 

terms in the e:>."Pa."lsion of Eq .. ( 4) as an approximation • 

. ,. 4-: J..W.T:I' 4 
(2I+l) -1 (~)- + 
240 I . kT 

( 5)' 

The higher order terms .are usually negligible in the lo-vrest temperature 

region practical for heat capacity measurements ·at the present time. 
-- . 

l!'he ~'bove d.~rtvation, however, b valie'l. e~'lJ,y for e. Ginslc kind._ o:t' 

ITQClei in a uniform hyperfine fie~d. As a general expression for a 

- pure metal, Eq. ( 5) should become 

·eN L• (I+l 
11
2) (He)2- 1 ((2I+l)

4 
-1 

11
4) 

R = 5 I r- kT . 240 4 r-
I 

H 
J. ... " h ck;)-r (6) 

' 

' 
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1·rhere -... 

( I+l 2·) Z A. --t..t = I 
i 

J. 

and 

4' :; . ~· 

<
(2I+l) -l ~) 

,, !.l 
I'+ 

I.+l 2 J. 

---r.- !.li 
J. 

'' 1. 

= 
(2I. +l) . -l 

Z A.· -J.:::.,.---

J.. l r: 
J. 

4 
fl. 

l 

.' ·, i,t. 

11ith Ai, Ii, and t..ti the fractional natural abundance, the nuclear spin, 

and the nuclear magnetic moment, respectively, of isotope i of the element. 

The surmnation is to be extended over all isotopic species and over all 

magnetically non-equivalent sites. Tne H value obtained eA~erimentally 
e 

-2 from the T term by calor~~etric measurements is actually the root 

mean square value of the H values at all nuclei. Since the hJ~erfine 
e 

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

this• mean value should be distinguished from that deter~~ned by 

resonance method. The sign of H is also undetermined, unless a 
e 

sufficiently large external field is applied to make an observable 

change in eN; i'. e. an external field of at least a fe1v percent of He' 

depending on the accuracy of measurements. 

The magnetic hyperfine heat 

has been observed only in cobalt 

capacity for pure iron series metals 

14 
by Heer and Erikson and by Arp, 

Edmonds, and Petersen.9 This calorimetric determination of· E 1-rould not 
e 

be suitable for iron or nickel since only small fractions of their 

nuclei have nonzero spin and they have relatively ·small magnetic moments. 

Since H at the nuclei of different c~~ponents are generally e 

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

C"J = _6 ll ( C1\T) 
l~ c c l> c (7) 
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1-rith n the atomic fraction of component c 
c 

in the alloy' ( e -) the 
. liJ -~ .. \ . ~ .. : 

value calculated from Eq. (6) ·for component c, and the summation to be 

extended over all components. One can use· the caloriraetric method to 

obtain H fox: one componebt of an alloy if (i) orily one component has a 
e 

significant contribution-to the total eN; o;c (ii) He values for all 

components except the one to be determined are already lmo",m from 

measurements using other methods, and their contributibn to eN is not 

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

measurements 
. . -4 

go lovr enough in temperature to make the T term (or even 

higher order terms) observable, ma..1dng possible the evaluation of more 
h ·. 

'than one moment of H --i.e., (H
2

), (H') , etc. In fact most of the 
. e . e e . 

experimental vrork on determining H for. alloys using lmr temperatur,e 
e 

calotirnetric measurements belong to ty-pe ( i). That is, the. alloys are 

compo'sed of a solute and a host such as :iron or nickel· vi th ·.small or even 

negligible eN contribution. 

·I 

.·< 

.~ 

!J 

• 

• 
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B. EXPERTivJENTAL .,, : .. : 

l. Apparatus. 

.. Tuo adiabatic demagnetization calorimeters previously set up for · 

0 .· .. ·~ • 15 , ' . 1 16 ·, ' " . l . -"' . .... 
experiments belov l K by L~en a.."J.a 0 :Nea~) respec c~ve y) i·lere .1.lrs" 

used in this \Wrk. A..."lother apparatus shovn in Fig. l Has then desit;ned 

for further studies. This apparatus is sDnilar to that described by 

' T l 16 O·Nea . The rr~jor changes included a different paramagnetic cooling 

salt and its arrangement. Figure 2 shoHs details of the cooling salt 

part of this apparatus. Chromiura potassiQm sulfate was used instead of 

copper potassiw~ sulfate in the hope that more cooling capacity and 

lmrer temperatures ( approxi.mately 0. 05 °K) could be obtained. A mixture 

of 150-gram of .freshly-prepared chromium potassium sulfate crystals and 
I 

25-grarr. Apiezon N grease vas sucked into a bakelite cage through the 

side holes. Thermal conduction 1-l:i.thin the salt vas provided by 200 

3. 75 in. long X 0.025 in. diai"!J. gold-plated copper \·Tires lvith one end of 

each fastened to a ba..'k:.elite plate vrith epoxy-resiil and the other end 

hard-soldered to a copper plate. The latter was in turn thermally 

attached vith Apiezon N grea:se ·to t,he )Jottom of a copper shield) inside 

l·rhich the sample vras rigidly supported 'lvith cotton threads. The bakelite 

cage a.'rld the bakelite plate I·Tere used to reduce the eddy current heating 

L'1duced during the demagnetization process. The cage vas then rigidly 

supported at the bottom of a 16.5 in. long X 2.5 in. O.D. X 0.016 in. 

wall stainless steel tube. This tube provided a high thermal resistance 

bet, .. reen the cooling salt and the bath. To make this thermal isola"cion 

more effective) ma.'rly slots were made on the tube to a point >vnere the 

heat leak through it was greatly reduced) but still no appreciable 

amount of heat due to vibration l·ia.S produced. For a typical run) the 
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total heat leak to the· cooling salt at 0. 05.°K was o:f the ·'order of 500 . 
. ., . . : .. : 

ergs/min. 

The isothermal magnetization process (for removing the large entrQpy · 

of the paramagnetic cooi:Eng salt i..~ zero field at l°K) i·ras .carried out 
. . . . ~··. . 

· 1~' 7 "' D C .... " h · · · l ' .._ ..... 1 ..:.. CO,...·"'ect +he uslng a o h.u- •• magnev ,ana. a mec a..YJ.lca~, .. neav SI-TlvCl c.O •L.• .., 

salt to the 1 °K helium .. ba:t;h. The Svritch; v~hich could be opened later for 

adiabatic demagnetization; .vas operated by ari air cylinder~ The effective

ness of this design ha~ been discussed by Senozan . 1
r( The superconducting 

switch vias a 2. 5 in. long X 0. 012 in. diam lead ivire controlled by a 

niol)ium ·solenoid. 

Three different kinds of thermometers vere used for temperature 

measurements. They were based on the temperature dependence of'the 

pressure over a small amount of helium condensed in a vapor pressure 
- \ 

bulb~ the magne_tic s~sceptibility of a Ce2Mg
3 

(No
3 

)12 · 24H20 crystal; e.nd 
' . 

the electrical resista.."l.ce of an Aq_uadag or a Speer resistor, respectively. 

The magnetic thermometer 1-ras made by cementing four plate-l:L'k:.e .single 

crystals together and cutting to a spherical shape. The plates vrere 

then separated e.nd re-cementE7.d. (~-rith GE 703i varnish) vith ti-ro sheets of 

copper foil sandviched in the outer two joints . The top's of the copper 

foils "i·rere then bolted; \·Tith Apiezon N grease as the thermal binding 

agent, to a copper rod ~o;hich served as the therir.al link bet1-reen the 

ma~"l.etic thermometer and the s&uple. The advantage of the Speer resistor 

over the Aq_uadag vas its better reproducibility of R-T characteristics· 

from run to run. A gra:de;..l002-l/2~.\f Speer r~sistor i-rith nominal resistance 

of 220 o:b.ms (the actual resistance ~;as higher, since pd.rt of the caroon 

surfate 1-ras :-~round off when the outer insvlating layer ·ivas removed) vas 

repeatedly used in several experiments. It i·ras 500 ohms at 4. 2°K 7 

• 

' 
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0 

900 ohms at 1 K, and 9000 oh.'l1s at 0.1 o K. Belm-r 0.1 °K the current 

dependence of resistance bec~'l1e appreciable. 
'-. ~ .' :, i- ~ I : '.: 

It is believed· that this 

1vas due to the overheating of the thermometer. Hm·rever, eA."J!erience 

shm·red that, as long as· both the calibration of the thermometer and 

the heat capacity .measuJ;-ements 1vere made using the same current (about 

0.5 J.l~~p), the existence of the steady state temperature difference 

bet·ween sa..rnple and thermometer >vas not serious as far as the heat 

capacity results vrere concerned. 

For most cases the heater vras directly attached to the sample to 

avoid the use of a separate calorimeter l·rhich might make a large 

cont1·ibution to the total measured heat capacity and vihich might also be 

in relatively poor thermal contact lvith the samp·le. Constantan· and 

manganin '1-lire are cow.monly used in the construction of heaters for 

calorimetric measurements. H01vever, we found a tw.'1gsten-platinum alloy 

vrire more convenient for this purpose (see Appendix). 

,· 

:For measurements at liquid helium temperatures, the cooling se.lt, 

the magnetic thermometer, and the supercon_ducting thermal svitch lvere 

a·ll re."noved. · Tl-ie s~"Tlple vras ,rig_idly supported by cotton threads inside 

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

betHeen the sample and the vapor pressure bulb vTas made directly .through 

l 

the mechanical switch. 

2. Procedures. 

At the beginning of an experiment the apparatus was first cooled 

from room temperature to 78 °K ~sing hydrogen. exchange ga.s. Liquid 

hydrogen i·ras then put into the imler (helium) de1-.rar to coql the apparatus 

to about 14.?-·:K. Before liquid helium vms transferred into the de\var, the 
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remaining liquid hydrogen i·ras boiled out i-lith an induction heate1· ~nd the 
' .• ·. v ' . : .. : 

exchange. gas ivas evacuated by an oil diffusion pump to a pressure of the 

-6 order of 10 mm Hg, as measured vrith. an untrapped ionization gauge at 

rpom temperature. I~c'',to6k. .severaJ>hours for the·' srunple to cool to 

4.2°K viith the mechanic'a.'l thermal svritch closed. 

The susceptibili~y of the magnetic· thermometer vras ·.calibrated 

against the vapor pressure of liquid helium at about eight 'temperatures 

behreen 4.2 and 1.1 °K. The X-T relation follm·red a Curie-lai·T and was 

used as the basis. for temnerature measurements below l.l°K. 1ne cooling 
. k 

salt was then magn~tized at 1.1 °I\. It required almost three hours for 

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

ivas opened and the salt vias· demagnetized. After the de:rr.agnetization 

prodess, i·rhich took about 30 minutes, 1·ras completed constant thermal 
: 

drif~s vrere obtained in about 10 minutes. vlith the superconducting 

svritch closed the carbon resistance thermometer, (attached directly to the 

·sample) 1-ras calibrated against the' susceptioihty of the magnetic 

thermometer at about thirty points betvreen the lmvest, temperature and 

l.2°K. Betlveen successive cp.lipration points the temperature of the 

system i·ras raised by supplying povrer to a heater attached to the copper 

shield. The time for establishing thermal equilibriu,-n betHeen J , cne 

sample thernometer and the magnetic thermometer dependedon the heat 

capacity of the sample, ranging from about one minute for samples such as 

copper to almost 20 minutes for samples vli th large hyperfine heat 

capacities. 
16 ' .. 

The t'tiO-salt system enabled us to lo.a ve a goixi thermal 

equilibrium be-'c>v-een the tvm thermometers, even though te."llpe:rature in-

homogeneitie$ still existed within the cooling salt. Tne te-nperature-

resistance calibration points vrere then fitted to an equation· ~f the form .· 

' 
)..'. 
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l 
=- == c 
T " o 

+ C R
4 

+ C R5 
4 5~ 

(8) 
:·.· ·. ~ · .. : 

The fractional difference bet·vreen the observed temperature and. the 

calculated temperatUre f~om the above equation '.·ras plotted 11gainst the 

calculateci. temperature,-and a smooth curve, called the "d.ifference plot::, 

vras draim through the points. This plot was used to correct those 

temperatures calculated from the equation for heat capacity points. 

Follovring a second demagnetization, the superconducting s1·ritch 

i'l'as opened to thermally isolate the sample. Heat capacity points Here 

taken over intervals of T/10 or less. The heat input for each point 

vras determined by passing a measured current through a measured resistance 

for a measured period of .time. ThE! temperature increment ,:,as deterriJ.ined 

by extrapolating the initial and the final drifts 6f heating curves on the 
! 

recorder chart to the middle of the heating period. 

Measurements at liquid heliw'n temperatures were made i.Jith the 

mechanical sl·litch providing thermal. contact between the sample and 

the va:por pressure bulb. The resistance thermometer i·ras calibrated 

directly against the vapor pressure of liquid. helium at about t1.;enty-

five points between 4.2 and Ll °K. 

3. Heat Capacity of Copper. 

Heat capacity measurements belovr l °K on copper -vrere undertaken to 

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

since both the TJ and T terms in its heat capacity vrere already Hell 

determined from previous measurements betHeen LO and 4.2°K ':rhel~e the 

thermodyn&'nic temperature scale is well established, &~d. there is no 

reason to expect deviation from_the extrapolation to temperatures of 

interest here. 
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Tl·m different samples· used here included a 140 gra.i11 single crystal 

of' 99.9999% pure copper ( SaJnple .A) and. a 900 crar!i :polycrystalli~~ o~~' 
of 99-999% pure copper (Sample B). These sa.rnples ha.~c been used. before, 

. . 18 
for heat capacity measurements by Shen (Sample., A,· 0.3 to 25 °K) and. 

. .. . 

Phillips19 (Sample B, 0:1 ,to 4.2°K). 

The experimental res-qlts, after being. corrected. by subtracting the 

contributions of the· ttad.dend.an to the measured. heat· capp.cities, o..re 

listed. in Table I. ·Errors associated. with addenda corrections and. 
/' 

also lvith the temperature determination have been discussed. by 0' Nee.L
10 

As shmm in Fig. 3, the C:Lata for both sa.i1lples· fit the equation 

. .· -l -l. . 3 
C(mJ mole d.eg ). = 0.0480T . + 0.696T (9) 

'rlithin 1% above O~l°K and 1.5% belovr O.l°K. Since the.T3 term:is relatively 

I 
smal:l in this temperature region, the coefficient used is'. that determi.necl by 

·Philiips. 19 Tne T term is in good. agreement with that obtained. by 

S, 18. d. P' . 11 . 19 nen an n~ ~ps. 

It should be pointed out that the lo;-;est temperature for heat 

capacity measurements vias actually l:L-nited by the fact that the s2.1-nple 

i·ras v;rarmed. up by eddy current he.atipg, . from aneven lm:er temperature 

obtained. after demagnetization, vrhen the superconducting Si·ritch ivas 

turned off. 

. -. 

:-1 

• 
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'• 

,, 
Tab1~ I. Heat capacity of copper r :.'. ·. 'fl. i ... 

T c T c .. (OK) (mJ /mo1e-deg) . (OK) ( mJ [mole -de1~) 
' Sanmle A: 0.5622 0.3969 

>.,• ' . 
0.1166 0.08190 0.6203 0. 4l~29 

0.1378 0.09643 0.6959 0.4995 
0.1540 0.1073 0.8037 0. 581~8 

0.1640 0.1138 0.9134 0.67!.~2 

0.1815 0 .. 1258 0.3920 0.2752 

0.1988 0.1385 0.4536 0.5194 
0.2163 .0.1503 0.6141 0.4582 
0.2400 0.1666 0.6983 0.5028 

0.2715 0.1892 0.7654 0.5523 
0.2962 0.2066 0.8245 o.6oo8 

0.3364 0.2362 0.8930 0.6588 
1 

0.09689 1.008 0.1385 0.7553 
0 .. 1597 0.1111 

0.1756 0.1208 Sample B: 

0.1914 0.1325 0..07221 0.04961 
0.2160 0 .1l~93 0.08344 0.05739 
0.2322 0.1625 0.09335 0.06528 
0.2530 0.1752 0.1079 0.07637 . 

0.2926 0.2033 0.1210 o .o85l~o 

0.3133 0.2173 0.1316 0.09050 
0.3404 0.2392 0.14~0 0.09912 
0.1598 0.1111 . 0.1537 0.1075 
0.1848 0.1284 0.07138 0.01:869 

... 
0.2209 O.l53l 0.0911:5 o.o6427 
0.2556 0.1786 0.1014 0.07109 

~ 0.2973 0.2084 0.111~· O.OT(78 

0.3447 0.2401 0.1211 0 .08!.~55 
.. 0.3906 0.2746 0.1349 0.09)01.~ 

0. ~-52l~ 0.3187 0 .1LJ.66 0.1016 
~J ·-· 

0.5057 0.3578 0.1604 0.1118 
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Table I. ( Continued2 
:: .. ... i . ; .: t 

T c T r• 
'-' 

(OK) ( :1/ 1 . ' ) ,m mo e-aeg (OK) (mJ /rr.ole-deg) 
\o' 

0.1778 0.1235 
·::·. ... 1.125 0.8590 

0.1968 0. _J-368 0.2082~. 0.1!148 
~ 

0.2167 0.1507 . ·, 0.2302 0 .1602~ 

0.2367 0.1648 0.2517 0.1761 

0.2586 0.179)_~ ·o.2754 0.1919 

0.2832 0.1984 0.3018 0.21o'5 
' (-

0.3121 0.2175 0.3315 0.2325 

0.)428 0. 2~·12 0.3670 0.2594. 

0. )_~209 0.2982 o.4o97 . 0.2899 
'· 

0.4590 0.3254. 0.4712 0.3321 

0.4995 0.3533 0.5132 0.3632 

0.5461 0.3875 .· 0.5678 'h 0 .. 050 
. h o1.59 .7 0.4217 '0.6243 o. 4473 

o! 64o8 
I' 0.4563 0.6794 0 .l~859 

oi6992 . 0.5033 0.7416 0.5349 

0.7619 0.5531· 0.8113 0.5930 

0.8298 0.6079 '0.8780 o.6l~36. 

0.9175 0.6776 0.951+1. 0.7087 
1.012 0.'7634 1.034 0-77:52 

. ' . 

' . 
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C~ RESULTS ll~D DISCUSSION 
•• ·. 'to.; ... ; 

1. )'-Manganese and Chromium 

1i'1e '"'/-manganese cr:yrstfl-1 is face::-centered tetr,agonal
20 

with c = ). 54J\ 
. . . 21 

and c/a = 0.94. Below -a Neel temperature of 660 °K) · ions with n - 2 1. · ·eff - · · 

Bohr magnetons are aligned parallel to the c-axis to produce a magnetic 

structure in whic~ each ion has eight antiparallel nearest neighbours 

. 22 23 
and four parallel neighbours at a slightly greater d~stance. ) 

The sheet-like sample ( 0. 007 in. thick) vras prepared by electro
. 24 

lytic deposition under conditions known to produce the:')'-phase and 

the absence of a-phase material was confirmed by X-ray examination both 

before and after the heat capacity measurements. Ten such sheet~ (1 in. 

by 2 in.) with a total i·reight of 16.3 gr were stuck together vrith GE 7031 

varnish. As shovm in Fig. 4, the experimental points over the range 

0.066 to 4.2°K fit the eg_uation 

( 
-1 -1) . . 3 ·. l -2 

C mJ mole deg = 0.055T +9.20T+0.264T .· (10) 

The electronic heat capacity is somewhat higher than that determined by 

Shinozaki et a1. 25 

55. 2"' . 
for M..'l , b an I H I 

e 

term and Eg_. (5). 

Using the '·values, A = 100%, I = 5/2, and !-l = 3. 4614 nm 

of 65 kOe is obtained by comparison of the observed T-
2 

The overestimate of \He\ arising from the neglect of 

1 ' . d 1 l"t"-" h" , J . . T-2 "- .... l· h" h e ec0r~c g_ua ~upo e sp ~ ~~ngs, w.~cn a_so g~ves a ~erm as ~1e lg 

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

sence of a measurable T~3 term in the observed heat capacity; and comparison 

with other metals suggests that it is not 'significant. For ex~~ple, if the 

electric field gradient in ')'-manganese is of the same order as it is in 

:.indium ( i·rhich'' is also face-centered tetragonal and has a nuclear g_uadru-

) 16 -2 pole heat capacity previously determined by O'Neal , the expected T 

• 

.. 

f 
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term associated. vTith electric quadrupole splittings is only one tenth 
. '-2 . 

of one percent of the observed T term. 
"·· ·. i• i : .. : • By neglecting the slight· 

. . f' l b' 27 
tetragonal distortion and usJ.ng sums of dipole . J.e ds for cu J.c arrays·, . J) 

the dipole 

e;~eriment 

. . ' ·. . ' 

field. H,. '
1
··· • is estimated 

QJ.UO e . ~ 

determines o~y I H I, this 
. e 

to be -7·7 kOe. Since this 

give.9 T.i 
H 

e 
H = -57 or 73 kOe. dipole 

It is interesting to point out here that the .value of H for the e 

antiferromagnetic ex-manga~ese has recently peeri d.eterrr'.ined. calori·-

. metrically to be 90 and 100 kOe by Scurlock et .· al. 28 and StetserJw 

et al., 29 respectively. Hm·rever; ·the crysta·l structure of ex-manganese 

is complex, the unit cell containing 58 atoms distribu:ted.·. among four 

. l t 't 30 I t h f 'h 't h d'f.C' ... non-equJ.va en Sl es. · ons a eac. o 'C ese sJ. es ave l .teren.., 

electronic magnetic moments13 and their nuclei will eL..'})erience different 

hyperfine fields and also will see different dipole.fields. Thus the 
( 

value of H deduced from the heat capacity measurements is the root 
e 

mean square of ihe fields at all nuclei in the four different sites 

1·Teighted according to their abundances. He have tried to make a further 

analysis of the result of Scurlock et al. 
2
.8•by assuming that the ratio 

·r 13 
of He to neff is constant for a~l s~tes. Kasper et al. could not 

assign unambiguous magnetic moments to the various sites in ex-manganese, 

but they did propose t-vro models. that were consistent ivitp their neutron 

diffraction measurements: Model A >vith 1.541-LB at the 2 type I site 

atoms, 1. 541-LB at the 8 type II site atoms, 3.08 !J.B at the 24 type III 

site atoms, and ·o at the 24 type IV site atoms; and model B Hi th 2. 50f..LB 

at the 2 type I site atoms, 2.50f..l~ at the 8 type II site atoms, 1.70!-!-B 

at the 24 t:y-pe III site atoms, and 0 at the 24 type IV site atoms. .On 

this basis, ;_v!e obtain He/neff = 44 kbe/!-lB r~or 1'-lodel A ac·1d. 60 kOe/!-lB 

for Nodel B, as compared. vrith 27 k~e/!-lB for )'-manganese. . Itoh et al. 31 

~I 
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in their mm experiment on ex-manganese found a small hyperfine field 
:· .' ·. "" ~ t ; • . : 

of the order of 13 kOe and suggested that it might arise fron1 M .. '1 nuclei 

at magnetic site rv, on 1-.rhich site a moment is abse?:J.t or, it it exists~ 

is very small. (If it lS true, our calculation inentioned above should 

' . 
percent.) be corrected, but only by a fel-l 

The ch:romium crystal is body-centered.cubic and has a Neel tempera-

ture near 3l0°K.32 A long range modulation of the antiferromagnetic 

.moment distribution was observed and interpreted in terms of. an anti-

-2 
phase ahtiferromagnetic domain .structure by Corliss et al.) and 

33 34 . Bacon. Later investigation by Shirane et al. s-crongly suggested 

. another ordered moment arrangement in l·rhich the magnitudes of the 

magnetic moments are sinusoidally modulated. They give a maximum Bohr 

magn~tron nu."llber of 0. 59 but an average of 0. 46, 1-.rhich is in good 

agreement -vrith the value for all moments deduced from the antiphase 

model. In either case the hyperfine field a~ the nuclei is e:A"Pected 

to be rather small. F't.lrthermore, for natura.l\hromiw-il, only 9. 5% 

cr53 has nonze:ro nuclear spin(I = 3/2) and also a small nuclear magnetic 

26 
moment ~ = -0.47354 n.m. There.fore, even 1-.rith the smallest electronic 

heat capacity among the iron series metals, the magnetic hyperfine heat 

capacity might be still only a very small fraction of the total. heat 

capacity at 0.06°K (the lo-vrest temperature at vrhich we have been able to 

make measurements) and therefore difficult to separate from the dominant 

electronic contribution. 

Tvro high pu:rity metallic chromium samples, both produced at the 

Albany, Oregon Station of the Bureau of Mines, were prepared by hydro-

gen purifica~ion of electrolytic chromium, follo-vred by arc melting 

under helium atmosphere. Sample A was a cylinder vreighing 480 gr. 
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Semple B, i·rith a total iveight of 280 gr., I·Tas composed of five plate-
. ' 

·like pieces held together through a central hole by a high pJrity 

copper bolt. G.E. 7031 varnish 1v-as applied beh;reen finished surfaces 

of each piece to px:ovide• a good thermal contact.·, 

The experimental data for both samples are listed in Table 4. 

·Using the lattice hea·~ capacity value determined by Rayne and Kemp35 

from measurements in. the· liquid-heliu.111 temperatures region, a plot of 

(C-0.00778T3 )/T versus T, as shm-m in Fig. 5, gives a straight line· 

parallel to the T-axis. Therefore, i-re have 

(ll) 

The electronic heat capacity is in reasonable agreement with that of 
··. 

I .· 35 
Rayne and Kemp. 

·. . . . ' . -2 
The lack. of the appearance'of the T term at 

.L I • vempera-cures as lm-r as 0.06°K suggests that either the H · value is 
e 

too small tobe observed or there is a very long nuclear spin-lattice 

relaxation time, T~ .. At 0.06°K the backgroun:d heat input t'o the 
.L 

sample prevented observation of thermal drifts follmv-ing heat capa-

city points for more than o~e minute. At this temperature, therefore, 

He can only conclude that either T
1

> l min or C~ 0.002 mJ/mole-d.;;::g 

(based on the scatter of points in Fig. 5 and possible errors associ-

ated vrith the temperature scale), which corresponds to He~ 7.5 kOe. 

At 0 .1°K the heat lea.'!{: from the sa..rnple to the cooling salt system 

.. b2.lanced the background heat input, and lenger thermal drifts, up to 

20 minutes, could be obtained. The linearity of the drifts suggests 

,, 

• 

.,.. 
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H01vever) T1~ 20,min at 0 .1 °K seems unlikely as compared _.l·li~\l 
' : .. : 

T
1 

values for other metals OI~ the iron series 7 iron7 cobalt, nickel7 
36 

and O:-mo.nganese. 31 _This leads to the conclusion that the H value for' e ... . . . . 

chromium has an upper limit of 13 kOe. 

Recently Stetsenko~ arid Avksent 1 ev29 r·eported that they had found 

an H of 150 kOe for chromium. 
e 

~{e believe· that the observed T-
2 

term 

in their calorimetric measurements must be associated Hith an impurity 

effect or other experimental errors. 

In Table 2 the He value for )'-manganese and the upper limit of He 

for chromiuJn are compared with the corresponding quantities for iron7 

cobalt, and nickeL In iron7 cobalt, and nickel7 the major contribu-

tion to H is the. core poiarization term, H . . Calculations by Hat son 
e c 

! 'l -
and Freeman, and experimental data on salts of the divalent ions,) 

. both! suggest the approximate rule H (i~Oe) ki - 126 n "'"" for ions of the 
c . . e.L-<. 

first transition group elements. For the fer;romagnetic metals this 

rule gives an H close to the observed H (see Table 2) and not large 
c e 

enough to compensate for the expected positive contributions. As noted 

·.by ifTatson and Freeman, l the agre:ement between the observed H and the 
e 

calculated H may be a consequence of the partial cancellation of the · . c 

4s-electron contribution pointed out by .1\nderson and Clogston. 7 Ho1-1-

ever, it appears that the estimated H is more likely to be too small 
c 

in magnitude than too large. For the antifer),"omagnet ic metals the 

same rule gives He"' - 3?0_k0e for·)'-manganese and -57 kOe far chromiu.in7 

. showing that the calculated H is too large or that the ·other contri-
c 

butions are more positive than in the ferromagnetic metals. 

It i.f? no't clear how the 4s -eiectron contribution ~·;ould be affected 

by the change from ferromagnetic Ordering to antiferromagnetic ordering 

IJ 

• 
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but it seems possible that it contributes to the apparent difference 

between )'-manganese and chromium and the ferro"Tlagnetic metals. 
t>; .: 

A.nothel' 

effect ·Hhich might be important is the exchange polarization of the 

3s.:..electrorts of one ion by the 3d-'electrons of its neighbours. 

effect has been noted as"a.possible source of the hyperfine fields in 
' ··• 

' 1 
diamagnetic atoms dissoived in ferromagnets and the sensitivitjr of 

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

6 
ion and the a~plitudes of the Hartree-Fock orbitals at half the 

nearest neighbour distance suggest that it might be significant in 

the pure metals. In a ferromagnet >vith net spin 'i' , the 3d 'i' spin· 

density on neighbours may tend to counteract the im;ard attraction of 

the 3s 'i' electrons, making H more negative and improving agreement 
c 

betvreen experiment and theory. In an antiferromagnet the effect of 

nearest neighbours would be reversed and H >·rould be made less negative. 
c 
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Table II .. Observed hyperfine fields H and dipole. field contribution 
. , ~ . e . 

h,. 1 . . QJ.po e 
All fields are in kOe. For chromium, -y-manga;.1ese, 

cobalt the sign of H is not determined by the e:..'})eriments. 
e 

l~etal Reference. '·H, Hd. 1 H -H .· .. 
e J.po e ·. e dJ.pole 

Cr This ivork < 13 0 ,< 13 

-y-:rvm This work ± 65 -7.7 - 57,+ 73 

Fe a -330 0 ··-300 

Co (hcp) b '228 -0 228 

Co (fcc) c -213 0 -213 

Ni d - 80 0 - 80 

and hcp 

-126n · 
eff 

-57 

-300 

-280 

-217 

.-217 

- 77 

: .. ~ 

. ~ ' ' 

a. ,s.s. Hanna, J. Heberle, G.J. Perlow, R.S. Preston, and D.H. Vincent, 

Phys. Rev. Lett.~' 513 (1960). 

b. . Y. Koi, A. Tsuji.mara, T. Hiha;ra, arid T. ~ushida, :J. Phys. Soc. 

Japan l]; Suppl. Bl, 96 ( 1961) . · 

c. A. C. Gossard and A.Ivi. Portis,. Phys. Rev. Lett. I, 164 ( 1959). 

d. R.L. Streever; Phys. Rev. Lett'. 16, 232 (1963) . 
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Table 3. Heat Capac.ity of 'Y"Hanganese 
II 

,• ·. ' ... .. ' 

T c T c 
(OK) (mJ/mole-d.eg) (OK) (mJ/me>le-deg) 

o.o66oo b0.03 .. 0.5029 5.629 

o.b68!-+6 ' 0.5426 5.869 55.5( 
0.07306 49.18 0.5840 6.157 

0.07822 43.88 0.6303 6.522 

0.08553 37.23 0.6858 6.816 

0.09526 29.95 0.7455 7.235 

0.1039 25.74 0.8071 7. 731 

0.1156 20.64 0.8723 8.193 

0.1236 18.53 0.9450 5.829 

0 .. 1442 13-94 1.023 9-598 
0.1047 25.29 1.078 10.04 

0.1167 ' 
I 

20.70 0.1793 0. 764 

0.1250 17.79 0.1919 8.895 

0.1363 . 15.43 0.2038 8.120 

0.1483 13.16 0.2444 6.539 

0.1598 11.74 .0.2728 5.881 

0.1708 10.51 0.3039 5.507 
0.1818 9.613 0.3338 5.246 

0.1936 8. 720. 0.)630. 5.399. 
0.2060 8.010 0-3963 5.410 

0.2.213 '7 ~3)4 0.4341 5.549 
0.2404 '6.695. 0.4725 5.728 
0.2608 6;117 0.5086 5.742 

J '~ 
0.2817 5.802 0.6222 6.)87 

1 0.3038 5-473 0.6644 6.621 
l 
' 6.881 l 0.)280 5.247 0.7097 

'> 

0.3549 5.247 0.7626 7.439 j 

j 0.3857 5.280 0.8275 7.942 ! 
j 
I 

0 .1~225 5.512 0.9042 8.579 
! 

! 0.4634 5.589 0.9941 9.204 
'-./ :,__,:: 



--.. -30;... 
. · ... .. 

Table 7. 
:J· (Continued) 

T ..... c T c 
:: (OK) . (mJ/mole-deg) (OK) I ') ' " ' , : ) 'J 1.mJ r:m.Le-deg 

1.071 9.940 3.787 38.42 
-~ 

. 1.123. }O.J3l '· 
·l~. 0,14 ' 41.15 

1.203 l\.63 . 4.140 42.60 . 
" 1.435 1.'380 1.188 11.5)+ 

1.552 14.75 1.277 12;11 

1.668 15-99. . 1.402 13.38 

1.801 17.09 ' 1.541. 14.57 

1.957 18.88 ·. 1.869 17.84 . . 

2.118 20.47 2.089 20.03 

2.279 21.99 2.501 24.18 

2.445 23.67 •. 
2.689 26.08 

2.623 25.64 2.905 28.17 

2.810 27.57 3.169 }1.36 

3.014 :29.80 -) .487 .... 34.98 
).243. 32.35 3.838 38.58 

3.497 35.21 4.105 41.88 

. ( .. 
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Tab1e"4. Heat Capacity of Chromium 

T c T c 
(OK) (m.J/rri.ole-deg) ( -~K) (m.J/mo1e-deg) 

~. 
Sa.'11y1~ A: 0.2258 0.3237 .. 

0.07039 0.1018 0.2427 0.3519 
0.08358 o·.1197 0.2585 0.3778 
0.09019 0.1301 0.2905 0.4241 

o.097B5 0.1417 0.3084 0.4462 
0.1054 0.1526 . 0.3289 0.4775 
0.1139 0.1662 0.3841 0.5572 
0.1217 0.1771 0.4172 0.6077 
0.1319 0.1926. 0.2771 0.4015 
0.06965 0.1011 0.2965 0.4305 
0.09030 0.1312 0.3190 0.4625 
0.09821 0.1412 0-.3432 0. 4931~ 
0.1064 0.1530 0.3729 0.5427 
0.1142 0.1667 0.4052 0.5869 
0.1227 0.1778 ?·4398 0.6376 
0.1322 0.1921 0.4777 0.6981 
0.1435 0.2086 0.5170 0.7528 
0.1545 0.2258 0.5564 0.8078 
0.1651 0.2379 

.. 
0.6368 0.9231 

0.1770 0.2585 0.6810 0.9987 
0.1896 0.2732 o. 7316 1.070 
0.218~ 0.3147 o. 7912 1.157 
0.2354 0.3448 0.9470 1.388 
0.2543 0.3712 1.058 ·1-535 
0.1200 0.1725 1.157 1.683 

..• 0.1284 0.1875 0.4472 0.6511 
0.1574 0.2304 0.4908 o. 7125 
0.1712 0.2464 0.5414 0.7893 
0.1866 0.2732 0.5921 0.8661 
0.2056 

;_:: 

"' 0.3011 0.7003 1.021 
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T2.b1e l~ -. (continued) 

rj"i C· T c -'- '-

· (nn1/1'b~ c-'cie:.,.) (OK) (mJ/mo1e-deg) (OK) ;H,.. ;,; -'- 0 ,j 

0.8041 1.170 0.3743 0. 5387 
0.8616 1.257 0.4185 0.6089 ,;; 

o·.9365 
··; ~ 

l.3o7 0.4655 0. 6771~' 

1.029 1.'493 0.5135 o. 74-63 i 

1.134 1.662 0.5649 o.82l3 

0.6230 0.9018 
Sample B: 0.6900 1.009 

0.05929 0.08470 0.7670 1.107 
0.07175 0.1049 0.8612 1.244 
0.06214 0.09090' 0.9561 1.391 
0.08478 0.1242 1.043 1.523 
0.07091 0.1041 1.143 1.658 
0.08904 0.1286 0.09385 0.1362 
0.09762 o.14oo -0.1052 0.1511 

I 
0.1082 0.1556 0.1161 0.1689 
0.1185 0.1693 0.1258 0.1835 
0.07357 0.1072 '0.1358 0.1957 
0.08585 0.1252 0.1477 0.2128 
0.1116 0.1595 0.1598 0.2333 
0.1228 0.1786' 0.1745 0.2511 
0.1371 0.1978 0.1921 0.2810' 
0.1507 0.2165 o .21l~o 0.)081 
0.1650 0.2368 0.2409 o -, ha~ .) -.;;) 

0.1796 0.2595 0.2710. 0.)960 
0.1996 0.2864 0.2983 o. 4355 
0.2206 0.32,01 0.3259 0.4(02 
0 .2!.~77 0.3562 0.3741 0.5457 
0.2809 0.4099 0.3463 0.6339 
0.3102 ' 0.4496 l' 0.4880 0.7078 " 
0.)403 0.4906 0.5381 0 '7f""C::9 • 1 0_;~ 

. 0.5915 0.8533 0.9119 1.319 
0.6498 .:_.:: 0.9397 0.9852 1.44-6 
0.7126 1.039 1.076 1.572 11 
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'I'ablc 4. (continued) 

0.7794 
0.8470 

c 
(reJ/mole-deg) 

1.127 
La4l . 

-))-

c ' 
(mJ/r;1o,1e~dec) 

l.l8l;. l.733 
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2. Gold-Jiianganese 
'.~ 

In order to make a further test for the above ooservati~n :)f l~(y~per-

fine fields in antiferromagnets, the value of He at 2'-in nuclei in a .. 
si:.1gle crystal !3ample of gold-mangar'.ese alloy near the compClsi tion 

Auivln 1vas measured by calorimetric method. :·This alloy1 with an actual 

gold content of 51.5 at.%, forms an ordered body-centered tetragonal 

structure 1-lith c = 3 .16~ and c/a = 0. 97. 37 (In Fig. 6, the magnetic 

structures of )'-manganese and gold-manganese are sho1m for comparison.) 

n f'""' :.. l~ Bohr magnetons are aligned to produce a magnetic 
e~.L 

structure in which successive ferromagnetic layers in the antiferr~-
. . 37 

magnetic arrangement are perpendicular to the c-axis. ' · ~heref·;)re, 

each lVln ion has two anti-parallel Nr1-ion nearest, neighbours and f::mr 

parallel IVm-ion /neighbours at a slightly· greater distance. 
I 

·.The heat capacity measurements vrerc made bet1:7een 0.14 and 1.18 °K. 

The data belovr 0.8°K fit the equation 

( -1 -1) -2 C mJ mole - deg = l.05T + 3.21T 0~00156T-4 (12) 

-2 . . 
1':'1e T and T terms '\vere determined by the slope and intercept of a 

plot of CT
2 

versus ~ for the t~mpe-rature region. behreen 0. 4 and 0. 8 °K 

h 
as shmm in Fig. 7, and the T- · term \vas determined as explained belm·r. 

Above 0. 8 °K the lattice heat capacity becomes observable. This c~:mtri-

bution is only several percent of the total h.eat capacity for the 11ighest-

temperatures measurements, and it is therefore not possible to determine 

the coefficient of the T3 term accurately. 

Since Au nuclei have very small magnetic moment
26 

(uA
2 ~~~ ~ 0.0015), ' u 111n 

the observed hyperfine heat capacity can be considered to come from Mn 

nuclei only:-'' .A:..'1 I R I of 320 kOe at KYJ. nuclei is thus calculated from e 
. -2 

the T term. (Actually even ;;vi th an of 2000 kOe at Au nuclei) 
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1·rhici.1 is J:n~esumably a high guess; the contribution from Au nuclei is 

. -2 
only 7.5% of the observed T term, and the value of }f 

e 

..• 
at }vln 

nuclei drops only from 320 to 308 kOe.) This value is used t0 calculate 

the 
'm_)+ 

expected .L term in" the heat capacity, 'trhid:. is that given i:1 Eq. 

12. 

It is clear that again the observed I He I at Ivin nuclei in this 

ar.tiferromagnet, as that in "/-manganese and chromi'l1.m,. is smaller tha:1 

l26n ~f = 500 kOe. 
e.~.. 

The fact that I H I /l26n f" > l/2 as compared '.-Ii th e e J: 

~l/5 for )'-manganese might 1-rell be ur.derstood by considering the 

different nu;nbers a!l.d distances of near Ivin neignbours. That ls,. each 
0 

};In ion in AuJ'.fu has feHer ( 2) and more remote ( 3 .l6A) nearest r·'In neigh-
0 

bours i·rith anti-parallel spins tha!l. it does in f-Mr1 ($) 2.59A). 
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Table 5. -...Heat Capacity of· Gold-l'1la:!:1ganese 
: .. ·. -;... 

T c T c 
(oK) (~J/mole-deg) COK) (mJ/mo1e-cleg) 

0.2224 61+··. 87 o. 5770 . 10.19 
o .2lro4 55-32 0.6476 8.281 

0.2630 l;b. 29 0.7200 6.959 

0.2090 37.79 o. 7931 6.010 

0.3225 31.02 0.3750 5.141 

0.3529 
/" 2o.09 0.9704 4.482 

0.3813. 22.46 1.047. 1+.142 

0.4080 19.63 1.096 3-915 
0 L~~2 . ·)") 17.31 - l.l77 3.764 

0. 1+613 15.42 0.11+04 1·58.3 
.0. ~968 13.46 0.1532 . 133 .. 0 
0.5459 11.28 . 0.1687 111.3 

. I 
0.1840 9~·-99 0.6090 9-277 

0.67~8 7-773 0.2005 so. 1~3 
0.7432 6.606 0.2583 1r8. 41 
0.8245 5.653 0.2810 4o.64 
0.8993 L. oS) .. ./ 0.3055 34.51 
0.9782 4.458 0.3383 28.43 
1.026 4.211 0.3698 23.89 
1.095 3-952 0.3397 20.39 
1.161 3-779 0.4303 17.69 
0.2836 40.24 0.4679 15.03 
0.3087 33.69 0.5155 12.55 
0.3423 27.62 0.5718 10.41 
0.3767 22.98' 0.6418 8.~-67 

. 0.4077 19.68 . 0. 7186 6.931 
0 .1~325 17-53 0.8001 5-9~-5 
0.4547 ·15.86 0.9015 4.951 

< 

. 0.4818 14.32 1.000 4.3lr7 
0.5211 ' 12.30 1.078 4.027. 

1.172 3-759 0.1997 79,73 
0.1646 115.8 0.2025 76 o~ 

:_ 
• ; .L 

0.1750 103.4 0.2229 64.92 
0.1868 90.17 
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). Dilute Osmium and Platinwn in Iron 
.·.• ·. 

An alloy of iron with 3. 21 ·at.% Pt Has prepared by melting 99. 999j~ 

iron sponge and 99-9% Pt foil chips in a heliwn atmosphere, and '.-;as 

homogenized by annealing for 20 hours at 1300 °C. A S&'11ple cor1taining 

0. 75 at .9~ Os in iron of the same purity Has supplied by Jo1mson, l··:attl;ey 

and Co., Ltd. The heat capacity of these tHo alloys have been measured 

f1·om .0.08 to l.l5°K. The eA.-perimental data vrere analysed by plotting 

cT
2 

versus T3, as shmm in Figs. 8 and 9. The straight-line regions of 

-'-h l ' "-' T-2 d m ' • t' h ' . ' • ~.ese p~o~s gave ~ne an 1 ~erms ~n ne ea~ capac~~~es, 

( -1 -1) C mJ g deg = 

for 0.75 at.% Os in Fe, and 

I 
l 
' 1 

( . -1 -1) C\mJ g deg = 

-4 -2 + l.l2xlO T ( 13) 

( 14) 

for 3.21 at.% Ft in Fe. -2 The observed T terms 1..rere corrected by sub-

'tracting the contribution expected for the iron r:.uclei in pure iron 

(the correctior:.s vTere 3-3% and 0.25~0 for tl;e Os and pt saJn:ples respect-

ively) and lvere then used to calculate H ~alues. The calculation Has 
e 

based on the follov!ing data
26 

for the isotopic abunciances, spins, and 

nuclear moments: 
18~ . 189 

l ~"4o' o· - I I I" d .o ';o s with I= ·1 2,!-L = O.l2nm; lo.l7a Os 

',vith I= 3/2,!-L.= 0.6507nm; 33.8% Ft195 "Hith I.= l/2,!-L = 0.6oo4nm. The 

resulting values of H -- 1400 kOe for Os and 1390 kOe for Pt -- I·Tere 
e 

-4 
used to calculate the expected T terms in the heat capacity. ( 'l'he 

-4 contributions of the iron nuclei to the T terms are completely neg-

ligible.) On tb.is basis, the hyperfine heat capacities of the sc<:Lute 

nuclei alone are 

:_·! -1 
C(mJ g -1)' 8 -4 -2 \. -8 -4 deg = 1. 0 XlO T - Lf.. 53Xl0 T (15) 
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and 
' -1 ..:1 

C(mJ g deg ) 
3 -2 .· -6 _).j. 

= 1~40xl0- T - 1.31Xl0 -T · ( i6) 

for the Os in Fe and P:t "in Fe samples, respectively. As sho-;.m in FigS, 

. _L~ 
the expected T · term i9 in good agreement with experiment for the Pt 

. -4 
in Fe sample. For the Os in Fe sa..:nple, the e::-..-pectecl T term is about 

2% of the total heat capacity at 0.1 °K, Hhich is only ::.;lig11tly more 

than the scatter in the data. It is difficult to put limits on the 

accuracy of the H values; He expect an error of no more than 27b in 
e. . 

the total heat capacity near 0.1 °K7 Hhich :,.rouid introduce a comparable 

e1'ror in He' but errors associated -vlith the presence of trace quanti ties 

of elements >·rith large i:mclear moments niight add to the error. It seems 

unlikely that cha..11ges in H at iron nuclei brought about by t!w presence 
1 e 

of the Os or Pt irnpurities -vrould. contribute significantly to the error. 

In Table 6 the H values for Os and Pt are compared v.rith those for 
e 

neighbouring tl:'~ird-transition-group elements, .all in dilute soluti::m in 

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

for i;J and Re the values are smaller by approxirr.ately a factor of tiv~). 

The Moss bauer effect ha~ been bbse~v;ed for the 99-keV (I = 3/2) 

state of pt 
195 

dissolved in Fe_, but the expected six-line spectru .. '!l is 

incompletely resolved. 38 ·39 and no unambiguous assigrunent of E and the , , e 

excited-state moment ,u has been made. Experi1:1ents on 10 at .5b Pt ln exc 
. 4o 

Fe gl ve 1200 kOe < H < 2900 kOe and -0. 8:nm. < J.1. < 0 .17 n .. 'll. Tl:.e 
e . exc · 

value of H reported here therefore suggests the assignment 'l - -0. 7rnn. e 1 exc--
. 41 

Cameron et al. have measured the temperature dependence of 

" • .!.. ' 191m ' . .... - j;. 191 . . . t-ray an1.sol..ropy from 4. 7-sec Ir formed 1.n L.he aecay 0.1 Os , ~Vrucn 

•..ras dissolved in Fe .. The interpretation of their experiment depends on 
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Table b. Eyperfine :(ields at the nuclei of third-transition-group 
l 

" elements dissolved in iron. Os, and Pt, the sign of :i is 
e 

not deter1nined b~r tbe exper:L.uents. - :For Re and Ir, tl-:e sign of 

has been d.eterBined in separate e:,..'})erimentsabased on a:nistropy 

'Y l"ays from polarized nuclei. 

.t1 ... lloy 

H-Fe 

Re-Fe 

Os-Fe 

L"-Fe 

Pt-Fe 

P_t1-F€ 

H at solute 
e 

nucleus '( l.:.:O'e) 

760 

-610 

-670 

1400 

-1350 

1390 

-1420 

',b 
Method 

IviE 

c 
c 

c 

c 

c 

}.1E 

Reference 

c 

d 

e 

This i·rork 

e 

Tnis ivork 

"" ,L 

H 
e 

of 

c.. A.V. Kogan, V.D. KuPkov, L.P. I'Hldtin,· N.J\L Reinov, H.F. Stel'mac:1, 

and Ivi. Schott, Zh. Ekspe:rim. i. Teor. Fix. 43, 828 (1962) (Translation: 

Soviet Phys. -JETP 1:§.: 586 ( 1963) ) . 

b. Method: li'IE = Moss bauer e.ffect; C = heat capacity. 

c. E. Kankeleit, Bull. Arn. Phys. Soc. 10, 65 (1965). 
--' 

d. 0. V. Lounasmaa, C.}~. Cheng, and P .A. Beck, Phys. Rev. 128, 2153 ( 1962). 

e. A.V. Kogan, V.D. Ku1 1 lmv_. L.P. Nikitin_, N.M. Reihov_. and M.}'. Ste1 1 makh, 

Zh. Pi.:.:speriin. i. Teor. Fix. 45, 1 (1963) (Translation: Soviet Phys. 
'T"""mp "Q 1 -u~l ~ ( 1964) ) . 

f. R.\:J. Grant, r\~r. l'Caplan, D.li.. Keller, and D.A. Sl1irley, Phys~ Rey. 

133) 1062 ( 1964). 
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whether the spin-lattice relaxation time of Ir in Fe is greated them or 
... : 

less than 4.7 sec. If it is much greater than 4. 7 sec., the- o·Dservc::d 

. l a·; 
anisotropy is characteristic of the Os~..,~, anci.. the ass1.1mption of the 

Scbmidt sine;lE~-particie 'ralue of the. rrH&;netic: moment for the excited 

state:: lee.ds to the assign.ment H = 5000 h:O~. 
0 

Cameron et al. concl~1dcd 

that th:~s Has unreason;1bly. high, that the rela:xatj:on time mc:st be 

smelle:c than 4.7 sec., and that the observed anisotropy ':Tas c!;aracter-

istic 
l9l.-rn 

0., Tr 
.L - • T1:ey ·then used the ·1rctlue of H for Ir in Fe quoted in 

e 

Table 6 to calculate I !-L I = 7. 3±1. 5nrn for 

agreement vrith theoretical predictio-:1s. 

l)}llrl 
Ty. ,,rhich is in reasonable 
. .:....L. ' 

The value of H for Os in Fe e 

reported here supports their analysis to the extent +' 1 • tl1a+. Trr· O.L Sl101oJ'lDg ..., 
e 

for Os i:::1 Fe is in fact much less than 5000 kOe. 



Table 7. Heat Capacity of Dilute OsmiuJn in Iron 

T " r_r r< 
'-' '-' 

( ", \ mJ/gram-deg) 
( o_,) (vr</C' ··<>OY·- '.,;~ ;(; \ L. .. :.t-1 ~~·). t;;< ••• ~ Cu.:.::..:. l 

0.08276 0.02345 0.4735 0.03993 

0.08897 0.02171 . 0.5064 o. ol:287 

0.1033 0.01880 0.5h29 0.04580 

0.1134 0.01818 0.5842 0.0~·950 

0.1247 0.01746 0.6312 0.05326 
-

0.1365 0.01742 0.6836 0.05755 

0.1492 0.01763 0. 7364 0.06201 

0.1627 0.01804 o. 7945 0.06700 

0.1765 0.01860 0.8615 I, 0.07272 

0.1925 0.01899 0.9315 0.07801 

0.2095 0.01996 0.9971 0~08~61 

0.2266 0.02112 1.088 0.09232 
0.2448 0.02251 1.160 0.09676 
0.2617 0.02344 0.4974 0.04199 

0.2792 0.02479 0.5468 0.04610 

0.2981 0.02622 0.5940 0.05026 

0.3202 0.02790 o.6L~39 0.05)~.27 

0.3426 0.02971 6.6995 0.05398 
0.3624 0.03185 0.7580 0.06379 
0.3809 0.03258 0.8200 o.o6851 

0.4015 0103447 0.9019 0.07667 
0.4218 0.03566 0.9868 0.08388 
0.4447 0.03797 1.070 0.09001 



Table 8. Heat Capacity of Dilute Platinum in Iron 
<' •• ~ . : .. : 

T c T c. 
(OK) (mJ/gram-deg) (OK) ( mJ / grarn -d.eg) 

0.07747 
., 

0.04119 0.2011 0.27.51 
0.08411 0.1768 0.2993 0.04028 
0.09056 0.1597 0.3244 0.04026 
0.09824 ·. 0-1370 0.3504 0.04034 
0.09259 0.1539 0.3773 0. 0Lf096 

0.1008 0.1352 0.4057 0.04191 . 
0.1099 0.1149 0.4363 0.04)26 
0.1195 0.1007 0.4677 0.04490 

0.1296 0.08821 0.5031 0.04716 
0.1407 0.07880 0.5435 0.0Lf968 
0.1520 . 0.07135 0.5836 0.05246 
0.1638 0.06322 0.6329 0.05581 
0.1785 0.05721 0.7977 o.o68oo 

I 

0.1944 0.05291 '0.2773 0.04106 
0.10'(1 0.1212 0.3109 0.04014 
0.1165 0.1055 . 0.3456 0.04017 . 
0.1270 0.09162 0.3762 0.04090 

. 0.1382 0.08117 o.4o84 0.01+210 
0.1502 0.07159 0.4779 0.04551 
0.1646 0.06323 0.5267 0.04828 
0.1811 0.05691 o·: 5708 0.05142 
0.1998 . 0.05085 0.6252 0.05550 
0.2209 0.04658 0.6773 0 .059~-lf 
0.2432 0.04335 _0.7894' o.o68oo 
0.2647 0.04174 0.8500 0.07228 
0.1806 0.05'718 0-9050 0.07762 
0.1966 0.05141 0.9747 0.08266 
0.2141 0.04807 1.155 0.09795 ·ii 

0.2331 0.04472 0. 7234 0.06330 
0.2528 ·o.o4269 o. 7914 0.06839 
0.8636 0.07374 1.019 0.08676 -· 
0.9383 0.07992 
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FIGUI\E CAPTIONS 

::: Part r::· 

+· Schematic diagram o:f the apparatus. 

2. Construction of a t1vo-salt system. 

·.·: 

· 3. . The heat capacity of copper. o: Sample A; o: Sample B. 

4. The heat capacity of -y-manganese. 

5· T'.ne heat capacity of chromi U."ll. 0: Se.mple A· 
' o: Sa'11ple B. 

I' o. The magnetic structures of -y-manganese and gold-manganese. 

7· The heat capacity of gold-manganese. 

8. The heat capacity of an alloy of 0.75 at.cjo Os in Fe. 

9· The heat capacity of an alloy of 3.21 at.% '0.1. 
~ ... in Fe. 

I -~· . I The T term of the dashed curve vras calculated from the 
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~ . -2 \corresponding T term determined in the straight-line region. 

at higher temperatures. 
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II. HEAT CPIPACI'!'TI:S OF COPPER-rt.IAl'TGAlillSE ALLOYS :SELOH 1 °K · .•. 

A. Introduction 

Recently,- considerable e.tten;'cion has been given lo the anomalous 

behavior of different properties of dilute· .~lloys of trr...nsition metals 

in non-maenetic hosts s~ch as copper, silver, gold, zinc, 
1 

etc. T:nere. 

2 
appear to be· at least t'·ro types of these dilute alloys: one typified 

by copper-manganese which shO'IvS both a resistance maximum and a minimu..rn 

and a cooperative magnetic transition. at low temperatures; and enother 

typified by copper-iron which shO'\·rs only a resistance mihi.'11u.m and. also 

rio evidence that the' magnetic transition is cooperative in nature. So 

far most of the theoretical approaches to this problem are based. on 
i . . I 

e:>...1?etimental results. Therefore, more vrell-designed experime:::1ts might 
i 

be useful stimuli to the theoretical studies. 

Arr.ong these dilute alloys, the copper ... :rr.anganese system has been· 
. . . 1 

particularly thoroughly studied both e:>...1?erirnentally and theoretically. 

The equilibrium diagre.m3 of the copper..;manganese system shm-rs a contin-· 

uous solid solution at high temperat;rres between copper and the "/ form 

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

quenched alloys except those with more than about 70 at.)b:Vm, i'>'hich be-

come face-centred tetragonal 'Hith an axial ratio increasing contihuously 

'·rith. copper content. 4 . The magnetic behav.ior of this system, on the other 

hand, is rather ,complicated. The ,manganese-rich alloys are typical 

antiferromagnetic due to the coupling beti·reen rtn ions as the m::lnganese 

concentration becomes predo~inant. 5 No conclusive results but some 

.·indication <?f,: the presence of short-range lT'.agnetic ordering have been 

experimentally observed over a large range of intermediate alloy composi-

... 
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I'" 
. . 0 -clons. 

c; 

For manganese-rich alloys neutron diffraction exper:iJ·:1cnts./ 

give an effective magnetic moment cvhich decreases vrith increasing copper 

content and extrapolates to neff= 2.4fJ.B for -y-manganese. 'I'he appe.::::-cnt 

dec::::-ease. 1d th increasing c·opper cont·ent is perhaps a conseq_uel".ce of the 

I concentration dependence of the Neel temperature. For dilute m::mganese . 

~(-ll 
l - • ""' -'-' t t l'm~-'- f _),,, a_J.oys a nmnoer o..: magne.-"' lC measuremen- s . sugges a Du. u o n f-"- -r,.,.,.., e .!. n 

at zero concentration and a slmr decrease in n Hith increasing man-
eff 

ganese content. 

The anomalous resistive bev&.1.ior of the dilute copper-manganese 

all,oys--a maximu..o:1 in addition to the minimu.rn at a higher te1:1perature 

--':ias first noted by Gerritsen and Linde. 
12 

Later investigations by 

0 ' l 10' ll ( l -'- . l . . Hen e~ a_. e_ecvron spln resonance, ~uc ear 1112.gne~lC resonance, 

13 e.nd magnetic susceptibility measurements) and by Schmitt et al. 

(magnetization, resistivity, and magnetoresistivity me<?.surements) sug-

gested a high-temperature paramagnetism vrith a positive Curie te:mperature 

but a gradual transition to antiferromagnetism 1..rith hystersis effects 

at lovr temperatures. This kind of behavior.· can be understood. in tey:r::::; 

of competing ferromagnetic and antiferromagnetic interactions of differ

lh 
ent streng'chs.- · 

The observation of an anomalous lmr-temperature heat capacity· 

associated Hith the above effects l·ms first carried out on a sr:~mple \•rith 

0.13 at.% Ivm by de Nobel and du Chatenier. l5 
- I'" 

Z . , 1- l.O • linme rman ana ·iQare maa.e 

a further study above 2°K covering a wide concentration range. At the 

lo>vest temperatures of their measur'ements, the excess heat capacity 

(hea.t capacity of the alloy minus that of pure copper) see.rns to have a 

lir:1it vfhich is linear in temperature and independent of rr.ango.nese con-

cent::::-ation. To explain this anomaly; 0 ' 17;18 ve::::-nauser hu.s postulated u. 
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new mechanism for antiferromagnetism involving the concept of a static 

spin-density wave 
• 19 • ... o' :•, ·, l • . ; 

in the conduction band. l11arshall poln;:;ecr ou;:; some 

objections to this mechanism and qualitatively explained the results by 

• • • .,.., • '.1-.1- l y 'd . . .1- • • . 20_.,21 us::Lng ;:;ne nuc:.erman-Klvue - osl a spln lnverac-clon. Both theories 

I .J , , h t suggescea ;:; a there is 'some degree of randomness in the alloy, 

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

origins for this randomness. The Marshall theory has recently been made 

quantitative by Klein and Brout. 
22 

Experimentally, ho,t~ever, the existence and behavior of the lo'.·T-

temperature limit of the anomalous heat capc:tcity in dilute copper.-
. ~ 

ll " , d .(.> • J .._ lo manganese a oys 1-ras aeauce .crom a narroiv cemperavure range. It is 

obvious that measurements at lovrer temperatures are desirable. ·so far 

• r J.. h b .._ . ' " C' t . . ' . N b 123 
.(.> sucn .measuremenvs J.ave een reporuea. oy a.u na enler ana. ae 10 e .cor 

t~ro a:;lloys containing 1.0 and_O.l3 at.% Vm, respectively~ Their results 

gave no exact conclusion in this respect because of a steeply rising 

h;yperfine heat capacity ( >·rhich corresponds to ·a hyperfine field H = L~70 l:Oe 
e 

at Iv.In nuclei) at tne lovr-temperature end of the measurements. Their 

results did shoi·l a smaller V?-lue of the excess heat capacity belovr 

~ °K -'-h 'h ' -'- l ' ' f ·' ' 2 °'r J.. b 1. ~ ~., .... an -c •. a-c exurapo_a-cea · rom -cne aoove l\. measuremenus y Zirn..rne rman 

and Hoare, but a good• estimate is necesse.ry to analyze for the contri-

bution associated 1·rith the magnetic ordering, By examining their 

results, vre· found that their determination of this contribution Hets not 

satisfactory. -4 At temperatures belovr 0.1 °K, a large negative T term 

in the heat capacity is expected from the reported H , but i·:as not . - . e 
) 

observed. Consequently, there is a discrepancy (100~ at O.l°K and 65% 

at 0.04 °K, :~,e .lm·rest temperature of their measurements) betv.reen their 

reported H and their measured heat capacity 1-rhich raises a· question 
e 

'~ 
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about their neasurements. 

The copper-manganese system is not ideal for calorimetric investi-

gation as fe.r as the low-temperature behavior is concerned because of 

the p:::esence of the hyper:hne contribution. HNrever, the other exten~ 

sive . . . ~. 

lnves-r,J..ga~_,J..ons for this system enhance .. the interest ir1 the 1 • 
c2 . ...L.0r1.-

metric measurements and further measurements seem desirable. Ftrrthe::·more, 

the hyperfine heat capacity itself is of some interest. 

In Part II of this Qissertation heat capacities of several dilute 

copper-manganese alloys belmv l °K are reported and discussed. Me~:.sure-

:ments 'l·rere also made for several high manganese cant ent copper-n:2.ng::mese 

alloys for comparison with the previous vrork in the liquid helium temper

atures by Zirnmerman and Sato
24 

and to obtain the hyperfine heat capacities. 

B. Results and Discussion 

l. Sa;nples 

Tne heat capacities of a total of eight copper-manganese alloy 

respectively, have been measur.'ed :Oelo\v l °K, vrith the same apparatus and 

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

cylindrical samples ranging from 80 to 400 g, '.vere prepared by induction-

melting high purity copper (.1\merican Smelting and Refining Company, 

99-999% pure) and high manganese content copper-manganese alloy ingots 

in a graphite cruci"ole U..'1der an argon atmosphere. Since carbon and 

manganese are rather reactive, the 'high manganese content alloy prepared 

previously in an arc furnace ':Tas used instead of pure manganese as the 

ra·vT materia],. :to let manganese go into solution before coming into cant act 

;·;ith i;he hot carbon Hall. On the other hexd, because of the hlgh vapor 

pressure of manganese,- the actual manganese concentrations of these dilute 
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alloy s&Icples are different frm1 the initial values of the l'al·! r:n. ter:;.c;.ls 
.... 

.·' 

before melting. Therefore, the values given abov~, \·1hich •dll be used 

as ""che basis for calculations in this 1·1ork,, a:re actually the ave1·age 

values of different co.lor1metric analysis results for thin disks cut 

from both ends of the cylindrice.l samples ... In Table I all these values 

a:re listed. Table I shovrs a spread of about 10% in the values Hhic11 

presu.'1lably refiects the precision of the anc:dysis and also the inhomo-

geneity of the samples. 

The other three samples, about 10 g each, vrere supplied by tbe 

Scientific Laboratory, Ford Motor Company. . The relatively small· size 

·. gave a rapid quenching and perfec:t retention of )'-phase. 
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Table I. :Manganese co'ncentrations of dilute alloys used in t~:is ,".-Jorl·: .. 

All values a:!.'e in at . % .!vln. c. is the ::.n).tial co~1centration of r:-::.''' 
J.. 

:rr:?cterials "before melting; c. . and c. -!.. are values determined 
-cop oovtom 

colorimetric.s.lly fol' thin .disks cut fror:1 t:1e top and bottom ends of 

the cylindrical ·sample (I·vm sets of these values c:.re obtained frcm 

independent analyses) except for the highest concent:r::ttion one); and 

c is the average of all analyses for the sample. 
average 

c. 
J.. 

3.5 

1.2 

0.6 

0.16 

0.06 

).29 

1.09 

1.13 

0.61 

0.59 

0.144 

O.l~-5 

0.058 

0.059 

cb J..· Oc,t;Om 

3.13 

1.05 

l.03 

0.57 

·0.57 

0.138 

0 .13L~ 

0.054 

0.056 

c 
a\rerac;e 

).21 

1.07 

0.59 

0.14 

0.057·· 
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2. A .... '1alysis 

Meausrernents for the five dilute alloy sai"Ylples vlere extended to 

-4 1-.rhere the T term in the hyperfine heat capacity 
' < 

shm:.ld become observable and could be used as a check for the assignment 

of the H value, 
e 

Since the magnetic heat c·il...,<:,city c
1

. associated Hith 
1:' ... 1 

the Mn spin order. ing is la1·ge as expected but not so simple as linear ., 

in temperature, the analysis of experimei1tai data is carried out by 

determining the hyper:fine heat capacity first. This vas done for each 

sample as follows. By. plotting CT
2 

versus T3 for a certain temperature 

range at uhich both the T-
4 

term and C., are relatively small compared 
i\1. . 

vrith the T-2 term in the heat capacity (therefore the deviation from 

"che linear temperature dependence of c
11 

is also insignificar..t) and 
1 
' '- -2 J e:xtrapolating to T = o, -cne T cerm ,,:as determined. Since it is 

1 
impossible by these measurements .alone to determine the contributions 

from Ivin and Cu nuclei sepe,r~::.tely; the value of H at ~t'1 nuclei is 
e 

. -2 
cai.culated from this observed T term by neglecting completely tr:e Cu 

nuclei contribution. L~erefore, this value should be considered only the 

upper limit of H at ~In nuclei. 
e 

. ' 4 
-The· expected T- term is then calculated 

from the H value, and compared >vith the lo•tTer temperatures points. e 

Figs. l and 2 · shov1 these plots for the five dilute alloys and also shm·r 
_h 

that the calculated T · term is at least consistent >-rith this analysis 

Table 2. The scatter.of the H values (around an average of 305 kOe) e , 

is believed to arise from the uncertainties of the average manganese 

concentrations c discussed previously. Since C~r is. proportional average l~ ··.-

to cH
2

, an "tfil~ertainty of 10% in c Hill introduce a corresponding_ une 

certainty of 7/o in He.) L'1ese results are substantially different from 

'"'· 

~· 

•. 
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T ' l 2 .. ~ 0 , t 0 , 0 • C , . co 0 f 0 , , r . , . .. ao. e . l"iY".J?eru.ne ng;a capacrcles N ana nyperrHle leJ..as "\! O."G i",n 

nuclei of )'-m2.nganese and copper-manganese alloys. The H values 2.l·e 
e 

' ' • _, ~ ' 1 ' d -2 C'ccte:D!llnea rro:-n "G"1e ooserve T 

but ions froJn 

terms in CN by neglecting the contri~ 
-4 

Cu nuclei. For the dilute alloys) the T te1·ms are cal-

culated the corresponding E values (see text). 'l"he sign o·F' E 
• ,

0 

~ e e 
is not determined by the exper:L'Ylents. 

Alloy Temperature range c __ H 
l\l e 

(at.% Ym) of measurements (OK) (mJ/mole-deg) I '·Q"'-) \ l\. '--

0.057 0.067-1.2 0.00352T-
2 

6 -6 -4 -1. 7Xl0 T 315 

0.14 0.058-l.l 
0 -2 

0.007u2T 
/" -4 -0 

-3 -35Xl0 T 300 

0.)91 0.065-1.2 
-2 

0.0310T 
I -5 -4 

-l.23Xl0 T 290 

1.07 0.060-1.2 
-~. 

0.0700T -
-5 _h 

-3 .25Xl0 T . 324 

3.19 0.054-l.O 
. 2 
O.l74T-

-7 .24x10-5T 
-4 

298 

43.5 0.18-l.l l.OOT 
-2 

192 

58.6 0.17-1.2 0.930T-
2 

160 

93-9 0.17-1.0 
/" -2 

O.)oOT 79 

100 ( )' -Ivin) 0.066-4.2 0.264T-2 
65 
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those of du Chatenier axxl de Nobe123 (H == !.1-70 kOe :for l.O and 0.13 at.5~ 
'· e 

Ym se..,'nples on the basis of the same assumption). At .T < 0 .l °K our 

measm·ed heat capacities and theirs are both closely proportional to 

mc:u1ganese content but bur value of the proportioi~ality constant is less 

thc:.n half of theirs. Em·rever, as pointed qut in the Introduction; the 

temperature dependence of their heat capacity is inconsistent 1-dth their 

O'<i'Y1. assign.'11e:>.J.t H == 470 kOe. 
e 

The Slli'n of the electronic and magnetic heat capacities is finally 

determined by subtracting the hyperfine contribution from the measured 

heat capacity, and is shmm in a plot of ( C -·eN) /T versus T in Fig. 3. 

Since the h',y}lerfine contribution predominates in the lol-l-temperature 

end, Fig. 3· shm·rs only points above a temperature for vrhich (C-CN) is 

I 

still about 2v{o of the total heat capacity. (Tnis temperature is 

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

these temperatures, therefore, have possible errors up to 5% as the 

. . 
total heat capacity has an est:i..-·nated accuracy of about l%. Furthermore, 

there is a possible uncertainty associ<:tted· with the difficulty in 
; 

-2 
assigning the correct T term .. ·• This factor might be related to the 

apparent leveling off of the (C-CN)/T values "i'iith temperature at the 

lo•:r-temperature end for several alloys, which; therefore, should not 

be taken into consideration too seriously. 

For the alloys -vlith 43. 5) 58.61 and 93.9 at .cjo Hn; the total heat 

· capa.city can be ,.,rell separated into the T and T-2 terms by plotting 

I 

CT2 m3 • • ·.,., · 1 versus 1 as snovm ln l' lg. LJ.) in -vrhich the results for ·y-rnanganese 

are also included for c:xr.pa1·ison. The· straight lines give 

'( ~ -l - l ) lL -2 :..c mJ mo..Le deg - = : .07T + l.OOT I 1 ) \-
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for the l-1-5. 5 ·at.% Mn-::Cu sample; 

de"" C_.> 
-1) ' -2· 

+ 0.930T .. (2) 

I ·.- ' 
\ j) 

~"'or tl1e 93.9 at.% ~·'lr.'l-Cu sarnple. l\.gain 1·Je assurne tl1at tl'1e cont.ri8utio:~ 

to CN from Cu nuclei is negligible; and calculate the He value for l•L'1 

nuclei from the observed T-
2 

term. The eN and He values for these 

, tlEee sw'hples and for )'-manganese are also listed in Table 2. For these 

alloys the linear term is some":.rhat hie;her than that determineci by 

24 
Zimnerman and Sato in the liquid-heliurn temperatures; but '.:.he dis-

). Discussion 

a. Hyperfine Heat Capacity 

In Fie;. 5 a plot of He versus the manganese content for the eight 

alloys and )'-manganese sho1-1s a striking fea.ture -- a more or less linear 

relation betueen these tvro factors. Hm:ever; one should kee1J in mind 

that for all alloys the H values obtained in this 1-;ork are only upper 
e 

iimits for the H values at IVm nuclei. 
e 

There is no ·1·1ay at the present 

ti:m.e to justify in general the assumption that the 

:::;:·om Cu nuclei is negligible. Ho>~-ever; Ca,meron et 

contribution to eN 
1· 

25 al., using the 

nuclear polarization method, have detern1ined the H value at l'<.i.'1 nuclei 
e 

in a very dilute manganese in copper sample to be 280 l-:Oe. This is in· 

good agreement \·Tith our results for the dilute alloys in vie~·T of the 

experimental_uncertainties in both methods. On the other hand; if 280 

kOe is taken as the correct value for H at !'lin nuclei for the dilute 
e 
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al1o~rs and the 12xtre. .):iyperfine cor;.tributim;. to the he:.1t CCLlJB.Cit::.r 
.•. 

assumed. to corne from the 12 nearest Cu. ion neighbours of es.ch Iv:--;. lO:";; 

tl:~~ :-coot-111ea.n-squarc:; h~erfine f:Leld at tb.ese Cu nuclei i~; 45 l~Oe. 

'l'he or:.ly definite conclusion that one can state is that H incre::.ses e 

in c;oing fro~ ";-n1ar1ge.nese to 

irl co::trast >'lith the often-applied rule that H /n ~ is a const.:c:!t fo::.~ 
e eif 

ion in a given system. Furthe!:'nlore, the H /n .r·(·' ratios 
e e.1..:. 

are c:,ppreci-

ably less 7 even for the dilute alloys; the.n tha.t ~uggested. by t:1e core-

26 
pol<:n~ization ca.lcule.tions. In this respect the results are similar 

to those for the other antiferromagnets studied. in Part I. 

Fo::.' inJcermediate concentrations it is not clear ho':J to interpret 

the apparent .ti e 
values. The small increase of H 

e 
from ')'-marlc;anese 

the 93.9 at.% I'vln-Cu alloy (both have nearl;y the same face-centred 

tetra,zonal and antiferromagnetic structures and also moments of the 

to 

manganese ions) might be of the srune origin as that suggested in Part I 

for the interpretation of the results for gold-manganese. Tl1at is, for 

e2 .. ch Ivln ian, the nwnber of nearest anti-paYallel :r~·D.1 ion 11eigl1bours is 

less in the alloy than it is in the .pure metal. It is also possible 

that the Cu nuclei contribute to the measured CNT since, unlike Au 
r· 

nuclei; they lnve appreciable moment. 

b. Electronic and Magnetic Hea.t Capacities 

For the dilute alloys 7 the electronic heat ca:pacity is presumably 

close to the pure copper value; because it seems unlikely th:-::.t a b .. rce 

change in the density of' states at the Fermi surface is produced by 

intr:xiucing a small amount of impurity. This expectation is supportec. 

by heat capacity measurements on a nwnber of dilute solutions of non-



211.ag21etic . '.L.. lmpurlules in copper. 

/' (_' 
-oo-

i·.'ol'k on a series of face-centred-cubic copper-zinc alloys 1·ii th zinc 

cor1tent f'.·::~ 0111 0 • 70 lr ,....!.. of . .:.. . 't 0 .J U • "' d. u • fO ;· Isaacs et al. 27 found that the change in 

. 
the electronic heat capacity is less than 2~ fe1·r percent. (C-C,,,) for 

.l. '~ 

tile d.ilute copyer-n1anga11ese alloys as sho\·trl··. in Fig. 3,; tl1er:e:f·ore_, n1"LlSt 

include the magnetic· contribution CM and a linea.r electronic contribu-

tion close to that of pure copper, G.70T mJ/mole-det> 

CM for all the dilute alloys at low temperatures shm·rs a simils.r 

temperature dependel1Ce and only a vreak C.ependence on concentr2.tion. 

The overlapping of the points for different alloys in Fig. 3 ::::1ight be 

explained by the fact that the Mn spin ordering temperatures are pro-

portim1al to the manga.nese contents. For the t'\-ro alloys vrith 0.057 

I 
and 0.14 at.% 1v1n the observed C.,_. values are still near the maxi;11a of 

1·1 

the anomalies, 'dhereas for the other three samples they are already 

in the low-terr,perature tail regions. For the 0.057 at.% Iv1n sample 

is cleal~ that there is a broad ma.ximum ir; C near . M 

\ 
.... o,.r 
J. l\. • For 

Ivjn il1 
13 Cu sample,.Schmitt et al. also found a resistivity maximum at 

about 1 °IC The resistivity r.axirila r;;oved t-:J higher temperatures for 

' . . 13 higher manganese concen'tratlons. 

J<:or the 0.057 at .vjo I'·-ln sample, the excess entropy associated vrith 

the anomaly belmi l.2°K cai.1 be calculated by .extrapolating the (C-CE)/T 

to T == 0°IC The result is insensitive to the dete..ils of the extrc.pob.-

t . .r- 0 0"'°K lon .L rom . o _ ; and is about ).6 mJ/mole-deg. This va.lue is about one 

half of the total entropy expected for the ordering of Hn ions \vith c.. 

. ~ ,.., t 1 ,__ ' • . ' 7 -ll s.uln or c, sugG,;es ea 'Jy magne'tlC measuremenc.s. ~~e shape of the 

anomaly suggests that the total entropy may be consistent with this 

spin assignment. For the more concentre.ted allo:ys·) for ivhich there are 

.... 



and. electl'onic entropies prevents a determination of the mD.gnetic e:-1tropy. 

., . •..:_ ,..., c 
J..l:r.:.lv OI -.. 

lVl 
suggested by 

is not observ.ed.) altholJ.gh the higl1cst tc1n-

pe:~:atures points in our measure..111ents are in gooC. agreement >·iit~l t~-:eir 

e:A-trapolations. Belm,r l °K, the ( C-CN) /T value keeps decreasing Hith 

temperature instead of approaching a constant value. Although CH may 

become proportional to T in the limit T-> 0, another term, a~p:roximutely 

? 
proportional to T-) is still important in the temperature range of our 

measurements. 

1 7-19 So far theoretical vror'· on ° - n~ ~ b""iven a qualitative lmv-. l\. '"'M ... au 

. r • _ 16 
t:81'Tlpera-cure li.rnit of the same ldnd suggested by Zimmerman and Iioare. 

22 
Recently Klein and Brout mD.de a quantitative calculation and gave a 

lim (C/T) value of 4.3 mJ/mole-deg
2

, 1-rhich seemed to be in agreement 
T->0 

>'lith the,extrapolation of the above 2°K measurements by Zirnr:1err:1an 

and Hoare. Our :results sho1-r that, if there is such a it is 

sr.:aller than th2.t predicted by Klein, and Brout. T..0.ey do not clearly 

est2.blish either the presence or the absence of a non-zero limiting 

The experimental points at the loivest temperatures are 

remarkably insensitive to the manganese concentration: 2.t 0.2°K all 

s2.::nples 'dith 0.057 to 3.21 at.% 1'.:ln fall Hithin 30% of each other in 

C . ./T) and, to tl:.is extent) agree '>lith the theory. 
lvl 

Experimentally it 

seems unlL\:.ely that any more definite conclusion for this syst81'TI c2.n be 

made. Th'2 presence of the h:yperfine heat capacity is the greo.t probler:1. 
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Table 3. Heat Capacities of Copper-Manganese Alloys ·-. 

q, c T c .!.. 

(oKJ . ' ( mJ /r;;o1e -deg) ( 0 K) (mJ/mole-dez) 

a. 93-9 _,_ c' 
8.'v. ;'o l-lr1-Cu: 0.6505 7.903 

0.1766 l) -33 o. 7ol~o 8.292. 

0.1953 11.62 0. 76l~J 8.856 
0.2150 10.17 0.8253 9-)+57 

( 0.2)46 9.107 0.8954 10.16 

I 
I 
~ 
I 

0.2553 8.386 0.9635 10.)'2 

0.2·315 7.643 0.9891 10.99 
0.3035 7-237 
0.1667 14.75 b. 5816 at.% Ivin-Cu: 

I 0.1835 12.61 0.1691 34'.03 
' i 
i 

0.203)+ 10.89 0.1855 28.35 
1 

I 
0.2244 9.617 0.2014 24.64 
" 21';_7 8.709 0.2229 20.23 'v • ... 1·) 

' i 
1 

0.267".3 7-972 0.2489 16.99 
0.2942 7.412 0.2819 13-93 
0.3275 6.962 

. 
0.3175 11.64 

0.3330 6.930 0.3508 10.22 
0.3656 6.706 0.3886 9.110 
0.4374 6.654 0 :)+242 8.360 
0.4718 6.771 0.4568 7.891 
0 :::;1 •. , 

·_.l-).L 6.979 0.4769 7.673 
0.3152 7.121 0.5190 7.355 
0.3413 6.850 0.6238 7.041 
0.)669 6.715 0.7023 6.939 
0'.)895 6.628 0.7657 7.115 
0.4177 6.612 0.8268 7-522 
0.4512 6.701 o.B882 7.829 
0.4833 6.818 0.9562 8.265 
0.5545 7.195 1.015 8.627 
0.6010 7.552 1.103 9.020 
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'I'<~b1e 3. ( '~("\Y'.!. : .,.~ u ~d \ 
v---lv-'..1 "" ) 

r;o ,.. 'I' c .l v 
( o._._. \ 
\ :\) (mJ/mo1e-dcc;) ( 0-r\ 

LJ ( r-' I /r···nll' -de,.,.') -~··~ ~~ • - ~ ._...,I 

0.1715 32.50 . ' 0.5653 5.4-21 
0.1891 27.24 0.6247 5.129 
0.2052 23.52 o.66b2 1.~.986 

0.2276 20.09 0.7698 4.870 
0.2550 16.46 0.8029 4.797 
0.2892 13 '4-3 0.8946 4.895 
0.3294 11.03 0.9578 5.001 
0.3619 9-903 1.002 5.l63 
0.3966 9.013 1.039 5.206 
0.4378 8.240 1.051 5-310 
0.4738 7.682 l.129 5-495 
0.5081 7.447 0.2954 12.76 
0.5479 7.288 0.3380 10.20 
0.5919 7.110 0.3706 8.770 
0. 7307 7-175 0. J+091 '7.674 
0.8941 7.906 0.4443 6.952 
1.053 8.838 0. 4797 6.)01 
1.l62 9.105 0. 5237 5-759 

0.5687 5.433 
c. 43.5 ~-'- d. 

c.. u. fO lVL.'1-CU: o:.5900 5-314 
0.1750 33.25 0.6051 5.194 
0.1902 28.57 0.6347 5.026 
0.2061 24.67 0.6778 4.977 
0.2669 15.33 0.6916 4.88~-

0.2958 12.76 0.7484 4. 798 
0.3249 10.98 0.8003 4.857 
0.3581 9.448 0.8301 4.858 
0.3986 8.015 0.8711 4.816 
0.4359 7.087 0.8772 4.885 
0. 4994- 6.063 0.9360 4.998 
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T£1.0lc 
.,. 
)· ( C c=.::._;:; ~ .. :r· .. ~cG.) 

'', 

T c T " '-' 
! "".-) ( :nJ/rnolc=; -d.2.:~ )· I o,,. \ ( r~J /r.~oJ e -d·:•.:r) \ .·. \ ... I .. , .... - ........ :_.:; 

0.9351 2~.983 - 0.1635 6.920 

0.9938 5.056 ·. 0.1728 6.288 

1.067 5-3~-6 0 .18~-7 5-6~-4 

0.199;L 4.977 
d. 3.19 at.% lim-Cu: 0.2162 4.~-27 

0.05350 53.71 0.2343 ).892 
0.05714 46.76 0.2527 3-537 
0.06033 42.85 0.1681 6.573 
0.06379 38.69 0.1793 5-919 
0.06745 34.12 0.1939 5.181 
0'.07199 30.41 0.2092 4.612 ·\ 

0.07758 26.72 ' 0.2248 4.158 
0.09431 18.94 0.2414 3.744 
0.09994 16.81 0.2600 3. 4-07 
0.1051 15.52 0.2738 3.196 
0.1099 14.25 0.2886 3.014 
0 .111~5 13.15 0.3042 2.859 
0.06988 33.20 '0.3233 2. 723 
0.07934 25.33 0.3450 2.588 
0.08855 21.59 0.3698 2.491 
0.1020 16.37 0.3962 2.413 
0.1107 14.05 0.4215 2.389 
0.1187 12.53 0.4477 2.400 
0.1276 10.83 0.4738 2.415-
0.1)66 9.632 0.4998 2.474 -
0.1558 7.560 0.5288 2.526 
0.1234 11.53 0.5570 2.588 
0.1296 

.• ' 10.58 0.2797 3.113 
0 .1)61 9-703 0.2979 2.914 
0.1530 7.787 0 .)1+09 2.612 

--
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T~e":Jlc ·.·~ ( ('(:.:·! ~ ::_llU~·::~~) ,, . 

rn c r:< (' 
.J. - v 

( "··) \ .:\ ( -; - - \ ""': w .. ! -c:.. "" ,-"I .~.u ... ~o'"'-~.: .. -l.:..e, ~: ( o~ .. :) ( r::J /::ole -d.eg) 

0.3623 2.518 0.6080 2.770 
0.3822 2.462 0.6526 2.956 
o.4o44 2.423 0.669'7 ) .OLI-O 

0. 4283 2.382 o. 7249 3.328 
0.4520 2.389 0.7825 3,.,662 .. 
0.4812 2.415 0.8380 4.020 
0.5132 2.495 0.8991 4.529 
0. 5L~30 2.567 0.9600 5.019 
0.5768 2.663 
0.6162 2.820 e. 1.07 . d a-c.;o Mn-Cu: 

0.6636 3 .009. 0.06010 16.92 
0.7645 3.560 0.06327 16.05 
0.8048 ). 797 0.06211 16.13 
0.8560 4.179 0.06742 11~.30 

0.9193 4.663 0.07492 11.65 
0.6052 2.762 0.08075 10.14 
0.6365 2.889 0.08685 9.042 
0.6692 3.033 0.09397 7.669 
0.7050 3.214 O.lOi4 6.836 
0.7447 3.458 0.1091 0.035 
b.7909 3. 713 0.1167 5.327 
0.81-23 4. oL~3 0.09273 7.874 
0.9013 1.~.550 0.09792 7.217 
0.9679 5.089 0.1048 6 .lf81 

" 
0.5130 2 .1~86 0.1127 5-691 
0.5~.!+8 ~. ,~)1 0.1~0'{ ).004 
0.6154 2.801 0.1296 lf.3l~5 

0.6646 3.006 0.1'~01. 3.862 
0. 5330 ~-534 0.1620 3.113 
0.)693 ·2.641 0.1706 2.878 
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Table '• ( Co;·ltilmeti) ./ . 
~ 

r;-• ·" ~ 
,.., 

. ,, v 

( VI() ( -; - .. ) :r:A:J mo..Le -c.e.~, ( .o~.- \ 
\ ~ .. .I r r~ l"/,··o1c -d.·",.,.': \ ..... _ • ~·. -:....;.I 

0.1794 2.669 0.5225· 1 o!.J.·· -·;;; .) 

0.1287 4.564 0.5587 2.062 
0.1371 4.039 0.5999 2.200 
0.1483 3.577 o.68i8 2.518 
0.1590 3.210 0.3174 1.623 
0.1700 2.890 0.3)66 1.620 
0.1822 2.613 0.3589 1.618 
0.1965 2.369 0.3358 1.61.~2 --

0.2114 2.177 0.4159 1.675 
0.2260 2.020 0. 4l,72 l. 743 
0 .2~-20 1.895 0.4733 1.818 
0.2599 1.790 0.5118 1.912 
0.2792 . l. 715 0.5490 2.031 

' 
0.1697 2.896 0.5919 2.179 
0.1793 2.668 0.6340 2.334 
0.1915 2.447 0.6764 2.505 
0.2063 2.223 0.7218 2.695 . ' 
0.2199 2.b8o 0.7682 2.917 
0.2350 1.946 0.3201 3.142 
0.2518 1.835 0.8811 3.441 
0.2699 l. 745 0.9518 3.820 
0.2792 1.712 1.039 4.329 
0.2958 1.657 0.6122 2.253 
0.3162 1.630 0.6542 2.415 
0.3411 1.615 0.6998 2. 59)4. .~ 

.0.3701 1.625 0. 7)+38 2.811 
0.3994 1.656 0.7929 3.029 r, 

0.4285 1.706 0.8461 ).266 
0.4615 1.778 0.91~-6 3.924 
0. ~-905 1.850 0.9954 4.062 
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2.382 _:}:~~y:;~::::?).:~;,i',· ;:;,?;\o .1482}: -.~{.::·If:·~··.~;~!t/(··.:·.~ o.8o3 7· .... -;;_•· ., 
2.517 -.~,:.::/.:;· ::· ·-: ;. ·o~o8218·-:'·;,,_:.~ .. ·~·····.: ·. 1.318 

• "' ' .. \o .~. --~~; !, f, "~ ::. ~;'<~ •. . .. ;.::;~~-;·:~·~.::: .. ~~ . .::.·.(/·~ ·.,. 
2 o91 '· ~· ·· ··) ... · : ·, /,· 0 09016 : '" .·:: :.,t·; ·, • · · ' 1 179 

· • 2 :921 ·:~r:::g ~ ;· >} }¥,·o: 09872 ·;~g;;!:i,·t:;';: 1 :o64 
, 3.181 ':•: \.'' ':·. • .. .-0.1086 ,;·,· .. .r·.· ·.•c.'· •.0.9733< 

•. '<' . ·~ 

... , ,. 

'·':· .. ·: 

;;· 

...; ;, 

' ·,· 
..... 

•' 

... ·. 
-": .· .,·• .. 

0.8626' 3 -350.·: :, ... :,,,. ·'·'·.·i ' : 0.2083 ;:,;<.:(• .. : ·"'' ::·; ::-. 0.8527 ',•,•, <:'::.~ ... ' 

·.~: :~~: ...... ·i~i:·.it'\' ·~ ::~:,{f@i~{f~]~ii!·~r;~ ~ ::~~~.·f'~I~~~t~;:~~ ::~;~ ·•'.'· . ,· ·• :. ·.· ' 
.. T ! ·, .... .. ' ~: . ·,, 

,' , .. 

·.·· .'·· · ... · 

•." ·.·.r •. .:,._, 
:( ~· 

' . ·~. ,', ,. .. ' . . ·, ....... , .-. 
. · ··' .· .... . ; . 

,' 

., 

' .. , 
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-,. Tni:!lc ) . ( c,;,;:t; i::ue:c:.) 

r,-i r< "' c .• ,, 
( o:.~) ( ~·. T /"•·-; "' :. - .- \ ( "·- \ ('NIT/.,~-....... : c: -clf~\f"'t \ 
\ .. \ •HU ,;,V.;..G -IJ.<·:;:· ) \ ;·_) \ J.Jl'.· I ·• ...... ··- ....... :....J J 

0.2545 0.9718 0.4297 1.622 

"' 
0.2718 1.025 0.4686 1.805 
0.2915 1.088 0.5039 1.959 
0.3128 1.169 0. 5399 2.128 
0.3345 1.255 0.5824 2.)38 
0.3657 1.377 0.6237 2.561 
0.3945 1.495 0.6725 2.814 
0.1651 0. 7972 0. 7191 3.026 
0.1791 0.8071 0.7724 3.287 
0 .19~·2 0.8270 0.8333 3.609 
0.2124 0.8602 0.9055 4.019 
0.2316 0.9069 0.9928 4.535 
0.2490 0.9559 1.107 . 5.289 
0.2671 ', 1.010 
0.2842 1.065 
0.3033 1.134 h. 0.057 at.% K11-Cu: 

0.3258 1.212 0.06727 0.9202 
0.3808 1.401 0.07479 0. 7997 
0.4125 1.572 0.08373 0.7258 
0.4452 1.710 0.09286 0.6835 
0.4802 1.851 0.1008 0.6443 
0.5175 2.025 0.07092 o.869l 
0.5670 2.255 0.07591 0.8004 
0.6075 

I 2.457 0.08113 0.7517 

• 0.6549 2.652 0.08857 0.7009 
0. 636L.L 2.867 0.09571 0.6727 
0.7575 3.220 0.1029 0.6391 
0.8027 3.500 0.1111 0.6314 
0.8704 3.847 0.1192 0.6114 
0.9522 4.339 0.1305 0.6188 

:._:: 



Table ~ ( Conti::med) ./ . 
. - . 

.T c T c 
i 0" \ (wT/-·,·ole .:qe,.,-) ( 0~() ( mJ /mole -dc::g). \ l'.. J ' L-UI 1.~ ..!... -L ... ... b 

0.1415 o· r--·.r~ . 
• 0)0') '- o.4l58 1.)46 

o.:;_cGo 0.6)98 0.41+97 1.686 
!"', 

0."1175 0 .62~-2 o.48):L " 1">-· 1 
.L.O)-

0.1280 0.6129 0.5274 2.001 

0.1397 0.6274 0.)743. 2.207 

0 .153)~. 0.6419 0.6223 2 .I~07 

0.1701 0.6732 0.6719 2.633 

0.1879 0.7173 0. 7252 2.852 

0.204~- 0.7677 0.7885 3 l-·), : .L)-r 
... 

0.2172 ' 0.8091 0.8550 3:4o8 

0.2317 0.8535 0.9215 3.687 

. 0 .2lJ.7l 0.9063 LOOL~ ), f"\lt.7 -,..v ·) 

. 0.2623 0.9595 1.106 4~ 51)+ 

0.2802 1.016 0.3632 i.338 

0.3020 1.093 ;- . 0.4030 l. )_~97 
.. 

0.1529 0.6401 0.4342 L625 
0.161.;.:;_ 0.6599 0.4641 1.748 

0.1787 0.6938 0.5035 1 onh • ./v . 

0.1954 0. 7394 0.5471 2.094 

0.2101 0.7820 0.5932 2.288 

0.2238 0.8294 0.6453 2.507 

0.2398 0.8807 0.6993 2. 739 .· 
0.2562 0.9371 0.7507 2.950 

0.2719 0.9927. 0.8102 ).216 

0.2908 1.061 0.8812 3 -51+5 
0.3127 1.143 0.9558 3.861 

0.3566 1.314 1.052 4.308 

0.3823 1.419 1.158 4.817 
r, 
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'.Part IL 

l. The he2,t capacities o,f copper-manganese alloys "i·ri th 0.14 an.d 0. 057 

at.% J:vin; respectivel:y. 
._1. 

The T · te:nn of the dashed curve was c::,l-

culated from the corresponding T-
2 ter~ determined in the straight-

line region at higher temperat;,;,res. 

2. 'I'he heat capacities of coppe:r-manganese alloys\-vrith ).19; l.07', and 

res:t.Jectively. The T-l!. terr.1 of the· dashed curve 

calculated from the , . rn-2 • ' , . ' . , ' cor:responQlng 1 -ce:-cm Qe-ce:rnnneQ ln -cne 

straight-line :region at higher temperatures. 

). Tne electronic and. m.'lgnetic heat capacities of dilute manganese in 

copper alloys. 

4. Tb.e heat capacities of ")'-mant;anese and copper-manganese alloys i·rith 

5. 

93-9; 58.6; and 43.5 at.)b lYm; :respectively. 

The hyperfine field H at lYm nuclei as a function of the manganese 
e 

content for the copper-manganese system. 

' .: 
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APPENDIX 

.LO'd Ternperature Heat Capacities of lv~anganin 2 Constantan and a Tu:ngsten-

P1ctt :Ll11)J11 Pi..lloy ·.;. 

Manganin and constantan -- vrhich are .<;:o:nmonly used in lm·r-terillX~x·ature 

calorimetry for heater Hire 7 and for heat and thermornete1· leads -- ho..ve 

large heat capacities and it is necessary t() kno•:r these values so that 

corrections can be made to calorimetric data. It is paiticularly im-

port2.nt belm-r 1 °K i·rhere these materials have h:y;_Jerfine heat capacity 

contributions Hhich become large compared vrith the usual )l.,att:Lce lli"ld 

electl·onic contributions. For the same reason they are not suitable for 

meast:.rements oelow abm.1.t O.l °K on samples that have small heat capacitj.es; 

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

the leads included in the measured heat cap9-city, in extreme cases, can 

l:L'llit the attainable accuracy. It has been found that ~ 9%M-9l%Pt alloy, 

ivith a smaller heat capacity). is a suostantial improvement over manganin 

and constantan in this respect. Giauque et aL 
1 

have alre~cdy used this 

e.lloy for heater i·rire between l and, 4 °K 7 and have shm·m that it has con-

veniently lovr temperature and magnetic-field coefficients of electrical 

resistance. He have extended the resistivity measurements to·0.05°K and 

ha,.re found that the small negative temperature coefficient l'eported by 

Giauq_ue et al. pe1·sists to this temperature. (It is possible that a 

superconducting transition might be foLL.'1d at a lm.;er temperature. 
2

) The 

alloy also has a very lm-r thermal conductivity. 3 

Both manganin and constantan samples i·:ere obtained from the Driver-

Harris Comp?JlY and the tLL."l.gsten-platinwn alloy san:ple from Engelhard 

L'1dustrie s. Each sample 1vas cylindrical in shape and -v;as fabricated fro:·:1. 
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compositions 

r;:anga:1in) constantan; and the tungsten-platin'LL:'n alloy; respectively. 

Smooth cu:nres giving heat capacity versus tempe:·ature are s:1oi·.rr1 i11. 

Fig.- l .. Wi tD. the exception noted belmv, the exue:cimental "tJoints :fell ... . .. 

~·rithin l% of the cu:;.·ves for manganin and constantan: and 2% at t~1e 

loHest te:nperatures and F/o above 0. 2 °K fOl" the tungsten-platinum alloy. 

Fo:;.· manganin the data bet"iv~een 0.2 (the lm-rest temperatm·e of mec:csurement) 

0.00294T3 + 0.0595T + O.Oll5T-
2

. 

At terfiperatm·es above 2.5°K tee data deviate from this e<;uation·, and 

smodthed val·O.e s are given in Table l. For constantan irreproducible 

heai capacities and spontaneous generation of heat in the sample '-rere 

ob ser,red for temperatures bet'\·reen 0. 3 and l °K. These effects may have 

been associated vrith the exposure· of the sample to a magnetic field of 

several thousand·oersteds on cooling. F:rom 0.15 (the :t.m·.rest tempe:ce.tu:ce 

C(mJ 0' 
0 

-l ' -l, a.eg J == 0.205T 0 r'\0?81171 -
2 

-.- .v ...... Jl. 

Smoothed values of the heat capacity at higher temperatures are given 

in Table 2 . Tne experimental points in the region of 0.) to l. 0 °K 

1·ange at >f'o.ich measurements v.rere made) can be represented by 

.c{mJ -l 
g -l) deg O.l76T 

.;' -2 
+ 0. OOOOI2T . 

(2) 

(3) 
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9% tungsten-
91 'Yo platinum 
alloy 

Fig. 1 
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T ( o,r) 
\ l\. 

< 2.50 

2.50 

2.75 

).00 

3.25 

3.50 

3.75 

4.00 

T (OK\ .. ) 

< 0.)0 

0.)0 

o. J~.o 

0.50 

0.75 

l.OO 

1.25 

l. 50 

l. 15 

2.00 

2.25 

2.50 

2.15 

).00 

).25 

).50 

3.75 

4-.00 

·,, 

Table l 

Table 2 

() -.· 
-0)-

Heat capacity of :rr.anganin 

0. 01151'-2 :+ 0. 0595T + 0. C0294T) 

0.191 

0.22l~ 

0.251 

0.280 

0.310 

0.342 

0.376 

Heat capacity of constantan 

c (millijoules/gram-degree) 

8 -2 0.002 1T + 0.205T 

0. 0927 

0. 0960 

0.107 

0.163 

o:233 

0.)03 

0.372 

0.442 

0.511 

0.580 

0.649 

0.715 

0.786 

0.853 

0.923 

0.991 

l.060 
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For manganir; the ·-hyperfine heat capacity see:ns l"E>asonable co;·!;pared 

~·rith tl1ose "talues ·for the copper-rnanganese systerns allo~rs descJ: .. ibed in 

II. For • . J- , .. r.;-2 ' ' ., 
cons~an~an cne ooservea I ~erm corresponas to an H 

e 
of 

100 kOe at Cu nuclei. .. (Since only abou"c 1% of the Ni nuclei have non-

zero spin and they he.ve very small rnagnetic moment) the contribution f'r·om 

Ni nuclei; even ivi th an H of the same magnitude as that in the pt:re 
e 

nickel metal; will be still less_than one tenth of one p~rcent of the 

_?. ) 
O'o :::;Pr\re"v.' 'T' - -'-e··m -- ~ (., .L• •• Hm·rever) according to the ~1\ffi ·"rork for copper-nid::.el 

4 5 alloys by Asayar.1a et al. and Asayan1a) the hyperfi:1e fields at both Cu 

a:,·,.:J. N'i nuclei should become very small in the alloy lvith composition 

lil<:e constantan because the ferromagnetism disappears at about. 40% Ni. 

This suggests that the obsel"veci'. T-
2 

term is much larger than that ex.;.. 
i 

pected from the ma.gnetic h:y-:pel·fine origin and possibly a1·ises fTom other 

mechanisms \Vhich might be connected to the irreproducible heat capacities 

and. spontaneous generation of heat in the sample observed. during the 

heat capacity measurements as mentioned above. For the tungsten-:p:l.::.:.tinum 

alloy) \·re Y-.~.'10iv of no reason to expect even the small observed T-
2 

term, 

and it seems likely that it) arid possibly the resistance mh~irm.1.m is 

·.associated. Hi th the presence of a magnetic impurity. (Our samples and · 

l 
those of Giauq_ue et al. were all obtained from the same supplier.). 

T;Je have found 0. 0009 in diameter tungsten-j_)latinu.m vrire a convenient 

size for electrical heaters and leads. This zize is strong oi'lOt~~h to 

p::cesent no great problems in han~ili:ng; and it has a high electrical 

n;zistant (~-60 0./ft at l°K). Tne bare. 1·ri:re \Vas ob'tained fx-orn. the E118~l-

h.::-:.l"d I:r:.du.strie s 
6 

and Formvar insulation Has applied. by the Rea 1'.1Iagnet 

Company; i~~. 7 

,• 

.. 

.. 
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FIGURE CJI.PTIOI'TS 

Appendix 

L The heat cape..cities of constantan; manganin. anc, a 9%1·T-9l%Pt alloyo 

The solid. curves represent measu:red values; and the dashed CU:I."VeS; 

extrapolat~_ons. 

~! 
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