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ZERO 

1.v 
FIELD MAGNETIC. PROPERTIES OP GADOLINIUM, 

SAMARIUM* 
By 

TERBIUM- AND 

Emma ~aniels Hill and F. H. Spedding & 
ABSTRACT 

The mutual inductance due to the presence or the ss.mple 

in a coaxial, cylindrically wound inductance coil, has been 

observed for gadolinium, terbium and samarium in fields of 

a few oersteds over the temperature ranges ?8 - 310°K~ ?8 -
~ 

235°K and 4.2 - l50°K. This mutual inductance might be 

referred to as an apparent susceptibility although a direct 
.....__.,. I --------- . 

relationship between this apparent suscept1b1llty &rld a 

static susceptibility is neither.obvioue nor presently cal

culable. 

The. dynamic mutual. inductance method was used and the 

results have been compared with other work reported in _the 

sawe temperature ranges. The rise in the mutual inductance 

curve for ~dolinium occurred in the temperatur~ region 

2?0 - 295°K. An extrapolation of data in the high tempera

ture region yielded a paramagnetic Curie point of 284.2°K 

which i.s 5° lower than the reported value. The transition in 

terbium occurred to within a degree of the predicte~ tempera

ture of 220°K and a second peak occurr~d at £29.4°K which is .______ ---
" 0 within 2 of the heat capacity peak. The peak at 220°K was · 

found to ~xhibit hyete~esis and time-dependence. NO hys~er~sie 

was observed in the peak of the .!1M versus T curve for samarium --0 at 14.8 K;but the low temperature peak occurred at a temper-

ature which differed by only Q.lu from that reported ln other 

magnetic work, while by the same method no anomaly of appre-
*This repor-t hl·ba-sed on a·n M.S. tfte.si·s by Emma Dani-els Hill 
submitted ·November, 1960, to Iowa State University, Ames, Iowa. 
This work was done under contract with the Atomic Energy 
Commission. 
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ciab.le sizf3 was detected at higher temperatures to compare 

with that of heat capacity data. An extrapolation of AM . 

Curle~ 0 . 
verf3us T to .d M == 0 in the region 230.- 235 K yielded a 

0 point of 235.6 K. 

Improvements in this work might be made ir. several waya. 

One would be to extend measurements to higher temperatures tO 

see if a plot of 1/4 M versus T would yield a straight line 

and how well the value of e obtained from such a plot com\ : 

pared wl th reported values. Another would be to use a se.mpl"' / 

of known t to calibrate the apparatus so that absolute value~~ 
.:' 

f 
I 

of z. for an unknown could· be calculated above the Curie 

point. A thorough examine.ti'!n of the resistive component 

obtained by this method would be beneficial especially if it 

could be que:nti tatively rele.ted to irreversible magnetization 

effects in the region of a transition. A measurement of the 

change in inductive and resistive components as a function of 

frequency should also be helpful in explaining these irrever-s

ible effects. 
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IN'l'RODUCTION 

The rare earths have tor many years been or pertiouler 

interest because the presence of the partially-filled 4t 

shells in these elements provid~an excellent opportunity for 

studying these shells in the solid state under conditions 

similar to those prevailing in the tree atom. It was only 

in the past few years th~t an effective method of separation 

based on the ion-exchange process wee developed (16) and only 

during this time have rare earths or high purity been gen

erally available for study. Although s considera.ble 8ft'!Ount ot 

work, including measurements or specific he8t, magnetic sus

ceptibility, resistivity, thermoelectric power and other 

properties, has been done on the rare earths, there is still 

much to be done in explaining the phyeicel properties or 

these elements. 

Some of the rare earths have been round to be ferromag

netic and/or antiferroma~netic below room temperature. 

Studies of their specific heets, t"esist1vitieR Md magnetic 

susceptibilities have shown that the rare ee.rths exhibit 

anomolous behaviors in the region of a.nd below the~:r Curie 

or Neel temperatures. In the case of ferromagnets, it hs~ 

been shown thP t below the Curie temperAture, a lP.rge ma.gnetic 

saturction cf.!n exist even in nearly zet"o apPlied fields~ 

According to domain theory (10) any microscopic region of 
. ' 

such a material is saturated in zero field, where the spins 



tend to align parallel, but the overall magnetization ie much 

lower than this in general because ot the existence ot do

mains. Since s.ll magnetic measurements which have been made 

so fer heve been in relatively large applied fields, it was 

deemed advisable to ce.rry out some magnetic meP!!surements in 

very smell fields. 

In the work ~hieh will be presented here, the dynf.l.mic 

mutual inductence method has been used to make m9gnetic 

measurements in fields of only a few oersteqs. Essentially, 

the method involves placing a s~rnple in e cylindrical co

axially wound mutuel inductance coil, and me~suring the change 

in mutuel inductance between the primary and secondary due to 

the presence of the sample. These measurements ere carried 

out as a function ot sample temperature. Although the results 

of mutual inductAnce measurements cannot be directly relf.lted 

to the magnetic moment bel?w the Curie point because ot the 

movement of domain walls, the mutual inductance method is 

valuable in that it provides easy e.coess to the study or mag

netic transi tiona in very small applied fields over the 

temperature range 1.3-300°K. These date. are in some ways 

more sensitive to zero field temperature and time hysteresie 

effects than ere heat oe.paci ty and reeio·tivl ty datli!. They 

mey be correlated with m~gnetic end thermal date to confirm 

the existence of magnetic trPnsitions in metP.ls ~nd give 

detailed, though as yet noninterpretable,descriptions of 



their temperature-time behavior. Thus, the data may prove to 

be valuable in the event a quantitatiYe description of domai"n 

wall movement, as a. function of varying field and ~emperature, 

ia develOped. 

Trombe first reported the ferromagnetic properties of 

gadolinium in 1935. This metal was round to become ferro

magnetic below ?89°1 (1~). Specifio heat meesurementa (6.), 

resistivities (3), magnetic studies using large applied 

fields (4) and measurements of the thermoelectric power (2) 

as a function or temperature, have been made on this metal 

and substantiate the fact that gadolinium does indeed become 

ferromagnetic in the temperature region of 289°1. 

Terbium, like gadolinium, also is known to become ferro

magnetic (17). Specific heat measurements (9) indicsted a 

ferromagnetic transition around ?2o0I. The magnetic proper

ties. in la.rge applied fields ( 17) aa well as the reaistivi ty 

(3) and thermoelectric power (2.) of terbium have a.lso been 

studied. 

Samarium is curious in its behavior because of ita unique 

cry~tal structure and its· tendency to exhibit divalent as 

well as trivalent behavior. Lack of agreement in specific 

heat measurements (8, 15) prompted the thought that this metal 

might ~leo beco~e ferromagnetic in the region of the low 

temperature specific hea.t anomaly. Magnetic propel"ties or 

samarium hP..ve been studied ( 14) but only in large applied 



fields. The resistiY1ty (3) and thermoelectric power (2) as 

a function of temperature have also been studied. 



MATZRIALS .AND APPARATUS 

,. 
Material• 

The methods ot preparation ot gadolinium (8), terbium (9) 

and samarium (8) were the aame as described previously. Re

ports of spectrographic analysis tor each metal were as fol

lows: 

Gadolinium .02% Fe; .1% 'l'a; .02% l1g· .05% Df..; 
.01.% Yi. < .01% Eu; <-01~ Tb; < .03~ Nd; 
(.05% no; <-02% Sm; Ca, not det~cted 

.06% Sm; .02% Y; .01% Gd; .09% Dy; 
trace Ta; Fe, Mg end q~, not detected 

Terbium 

·Samarium (.005% Fe; (.03% Ca; < .003% Mg;;.<-0~5% Dy; · 
.oo?% Eu: < .02% Nd; .o5% Gd ·:. 

None or the metals used in the present work was analyzed 

for carbon, nitrQeen and oxygen content. 'l'ypicel snalyaes or 

other samples ot gadolinium, terbium end samarium made by the 

same processes 88 referred to above revealed the carbon end 

nitrogen content ot p,edolinium end terbium to be between 110 

and 150 p.p.m. Although no ~xygen analyse• were available 

for any of the metals, the oxygen content or sameri.um is ex

pected to be leas than 50 p.p.m. because e distillation 

process was used in its preperation. However, the oxygen 

content or gadolinium end terbium would ·be expected to 

approach that of yttrium since the seme process was used in 

their prepere.tions. Typical oxygen analyses of yttrium 

samples "Were e.v a1la.ble And ran about 2000 p .p.m. of oxygen. 
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Shavings were taken trom the surtace ot the gadolinium 

after the metal wee cast. The terbium and samarium samples 

were msohined into samples ot suitable shape and ~ize. 

Apparatus 

Crxostat and related equipment 

The cryostat and related equipment consisted essentially 

ot a double dewar system, a vacuum _system and the se.mple 

coils, which have previously been described (5). The setup 

was e.s tollowa. The sample coils were wrapPed around a glass 

tube. This tube made e. vacuum see.l to a braes plste whioh ·in 

turn made a vacuum seal with the inner dewar. Another p:laes 

tube which oontained the sample was introduced into the ooil 

support tube through a vacuum coupling whioh. allowed the 

sample to be trPnsle.ted in end out ot the coils. The inner 
I dewar was suapended in the outer dewar and the system be.tween 

the sample tube and coil support tube we.e connected to a ·high 

vacuum line. 

Sample compartment 

The sample oompartmen t co riel sted of e. 21 mm pyrex tube 

which contained a cylindrioelly-ehaped heater she11 whioh 

rested et the bottom of the tube. The heater shell housed the 

sample or, in the case or ga.dolinium end terbium, the 1!18!nple · 

container which held the sample. Also, suspended within~the. 

J 
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tube immediately above the heate~ shell was a cylinder ot · 

· styrofoam around which were wrapped the leads trom thermo

couples placed in and above the sample and the heater leads. 

The sample, after having been fitted into ita container, 

was placed in the heater shell with cylindrical pieces of 

styrofoam on either aide ot it in order to locate the sample 

at the center of the shell (Figure 2). A thermocouple was in

serted into a small opening in the center of the sample, 

wrapped several times around a groove in the sample holder 

and brought up through the piece of styrofoam illllllediately 

above it to a bakelite ring. Here another thermocouple junc

tion was made so as to have a thermocouple above the sample 

as well as at its center. The thermocouple wires were wound 

around the ring and held in place with G. E. adhesive No. 

?031. The three leads from the two thermocouples were then 

broug.ht through another piece of styrotoam and out of the top 

of the heater shell. Both ends of the heater shell were 

plugged with pieces of bakelite. The top piece contained a 

groove to allow passage of the thermocouple wires. 

The heater shell was made of a sheet of graph paper, 

.0033 inch thick and WElS 18 centimeters long. The paper was 

glued so as to form a hollow right circular cylinder, ?/8 inch 

i.d. It was theu wuund with ·a heater cor.sisting of a non-

. insulated No. 40 B. & S. Be-Cu wire and a No. 32_B. & S. 

Formvar insulP-teci copper wire. The two constituted a non-
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N0.40Be-C1t 

NO. 32Cu N0.36Cu 

Figure 1~ Heater o1rou1t 
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10 , 
.inductive, non-paramagnetic pair. The wires were held to the 

paper with ~. E. adhesive. Two such heaters were wound on the 

shell· One extended the entire length of the shell an·d had 

a resistance of 124 ohms. The other was wound around the 

top one-third of the shell and had a. resistance of ~ ohms. 

No. 36 B. & S. Cu wire we.s used to bring leads from each of 

the two No. 3?. Cu wires and from the Be-Cu wire junction. The 

arrangement is shown in Figure l. 

· The thermocouples we~e made of No. 3u B. & s. gold~cobalt 

and gold-silver enameled wire and. contained 2% cobalt and 

.37% silver, respectively. They were used to meeeure .tempera

tures from 4°K to 310°K. The thermocouple placed at the 

center of the sample was used to follow the sample tempera

ture, while the thermocouple above the sample wee used as a 

check on temperature equilibrium between the sample a.nd sample 

con telner. The thermocouple wire was o'bt~.1ned from the Sig ... 

mund Cohn Corporation of Mt·. Vernon, N. Y. The calibration 

of the thermocouple wire and the use ot these calibrations 

tor determining temperatures have been described ( 5). The 

amount of cobalt ·contained. 1n the the~ocouple wire was found 

to be smell enough so as not to cause ltny significant error in 

our results (5). All thermocouple junctions were made with 

silver solder because leed-tin Aolder exhibits e superconduct

ing transition wlth eeaociAted permenbility ch~nge at heltum 

temperatures. 
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All leeds from the heaters end_ thermocouples were wre.pped 

around a cylindr.ice.lly she.ped piece of styrofoam, 19 incheA· 

in length and 5/8 inch in diameter, several time~ to incr~ase 

the path length between the sample and the point at which the 

leads entered the sample compartment at roo~ temperature. 

The hea.ter shell conteining the ·sample was fitted into the 

bottom of a pyrex tube, long enough so adjustments could be 

made to center the sample in the coils. The leads were 

brought up through a tee, which made a vacuum seal to the 

glass tube by means or a one-inch vacuum coupling, end then 

out of the sample compartment. At thie point, the hePter 

leads were soldered to heavier leads which were connected as 

shown in the heater circuit (Figure.l). The batteries were 

6 volt Willard D-D-3 cells whioh supplied sufficient power 

over the entire temperature range~ Referring to Figure 2, 

·lead No. 2 is from the Be-Cu junction, lead No. 1 is from 

the 24-ohm heater and lead T is from the 124-ohm heater. The 

rheostat was used to control the heater current entirely 

except at higher temperatures when the thermocouple above the 

sample became cooler than the one in the sample. Only in 

this case was the lead No. 1 connected. ·This allowed for 

Aliditionsl heot input tit the top or the hee.ter shell. The 

heater could not be turned orr entirely unless the on-orr 

switch- wee on off end the No. 2 lead we.s disconnected. 

The therm.ocouple leads extended to an ice bath where the 
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Junctions were made with copPer wires. The three copper leads 

were brought from the ice bath ~nd connected· to two ends of a 

double pole dou·ole t~w switch. The lead from the gold

coba1t.wire was used for both thermocouples. The center taps 

of ·the sw1tch-were.connected to a Rubicon, Type B potentiom

eter, Catalog No. 2?80, used- in conjunction with a Leeds and 

Northrup galvanometer, Catalog No. 2430A. 

The mutual inductance bridge 

The mutual inductance bridge used for all measurements 

was designed bf L. D. Jennings and the details or such a de

s~gn have been described (7). The use of this bridge for 

susceptibility work has also been described (5). Hence, only 
/ 

a brief s~mmary will be given here. The 'circuit primary con-

sisted o1' an oscillator in series with a power amplit1er,., the 

.bridge primary, the sample primary and the external variable 

primary. The seconde.ry half of the c1rcui t consisted of the 

bridge secondary in series with the sample secondary, the 

transformer and external variable secondary. The signal from 

the transformer waa amplified by weans of a 33-oyole na:rrow 

band selective amplifitH' and was observed on an osc1lloscnpe 

which was used as a null detector. 

The dewar coils surrou~ding the sample were wound as an 

astatic pair so that the net mutual inductance in the absence 

of a sample ·was minimized. This net mutual inductance was 
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compensated for by adjusting the extern'e.l veriable be.lancing 

inductor. The real and imaginary pe.rts ot the mutua.l induc

-tance were then balanced by the u:a·e of the eteilderd inductors 
' and the resistive network. Through the use· or an externe.l 

sync on the -.osci'lloscope the magnitude· and stgn or both the 

real and imaginary parts of tbe mtitual inductance could be · · 

readily identified. The mutuel inductance range or the bridge 

was 2 x lo-10 to 6.53 x lo-5 henrys. 
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EXPERIMENTAL PROCEDURE 

Preparation of Samples 

To prepare the gadolinium sample, 0.1302 grams of 

gadolinium cry_stals about 0. 5 mm on edge were uniformly dis

tributed in 2:6.37 grams of softened bee's wax. This distribu

tion was obtained by slowly adding the· crystals to the wax

while kneading the mixture at room temperature. The wax which 

contained the crystals was shaped into a spheroid to fit into 

a plexiglass sample container. The container consisted of 

two halves which fit together to form a cylinder with a· 

spheroidal cavity having its major axis parallel to the 

cylinder axis. The cylinder was ?/8 inch in diameter and tit 

snugly into the heater she~l. It had grooves in which the 

thermocouple was wound after being inserted into the center 

of the sample. At'ter tne sample was placed in tho sample con

tainer, the two halves of the container were fastened together 

with plexiglass cement. 

The terbium sample was machined into a right circular 

cylinder e.rtd weighed 0.5280 grams. It wao 0.0?2 inch 1n 

diameter w·•d 1 inch long. It was fit ted into a bakelite con:

tainer which in turn fit snugly into the heater shell. The 

container was fitted with.a lid which had a small opening 

thrOugh which the thermocouple passed. The thermocouple was 

siwply wuund around the terbium sample several times and 
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brought through the small opening in the lid. 

The samarium sample was machined. roughly into a c.ylinder 

to tit directly into the heater shell without being plsced in 

a container. The sample weighed 69.34-6 gre.ms. A large .sample 

was necessary since the magnetic moment or samarium is rela

tively small. A small hole vas drilled down into the center 

of the sample into which the thermocouple was fitted. The 

thermocouple was then wound around the sample lengthwise. 

The maximum diameter or the sample was 7/8 inch and its length 

was 1 7/8 inches. 

Procedure tor Taking Data 

The sample was placed into its container·and then center

ed.longitudinally in the hester shell. The hester shell and 

attached leads were placed into a long Pyrex tube which tit 

· into the dewar system and sample. indu~tance coils through a 

vacuum coupling. The sample compartment was then pumped out 

to avoid any air oxidation or the sample, and filled with 

heliunt gas !or better thermal contact between sample and 

heater. The inner system was then evacuated,using both the 

toreputnp and diffusion pump. The vacuum chamber or the inner 

dewar was also pumped out and flushed several times with dry 

nitrogen if it was suspected that helium had diffused into 

it. Once the system was evacuated, the sample WB.S cooled down 

to 78°K with liquid nitrogen in the outer dewar. For runs on 
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gadolinium and terbium,liquid nitrogen vas also placed in the 

inner dewar since the temperature range aboYe 79°K was the 

one or interest. In the case ot samarium, only the outer 

dewar was tilled with liquid nitrogen and once the sample had 

cooled to the boiling point ot. liquid nitrogen, liquid-helium, 

was transferred into the inner. dewar. Helium exchange gas was . 
Admitte~ into the inner s:rstem immediately·arter filling the 

dewars in order to cool the sample. Using liquid helium, a 

tempereture of 4°1 could be reached. When the desired temper

ature was reached, the helium exchange gas was pumped out ot 

the inner system and the sample vaa then ready tor measure-

ment. 

Before any measurements of mutual inducta.nce could be 

made, however, tbe mutual inductance bridge first had to be · 

balanced. Because the signal on the &cope would be saturated, 

·the gain on the amplifier he.d to be turned almost completel:r 

down and a balancing inductor used to unsaturate the signal. 

Once an unsaturated signal wa.s obtained, the ge.in wee slowly 

turned up as both the resistive and inductive cOmponent& ot 

the signal, Which were 90° .out or phase with one another, were 

balanced. The inductance switches on the brtdge were var1ed 

in order to balance the inductive component ot the eigne.l and 

the resistance·set~up wee used to balance the resistive com-

. ponent. The circu1 t equAtions involved ln the balancing or 

the bridge heve been described in detail (5). 
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When the bridge vas balanced, the position or the ·sample 

was then :checked in .order to make sure it was centered in the 

sample coils. This checking:was done by translating the pyrex 

tube, containing the sample, with respect to the co.ils and 

noting th~ change in the off-balance signal to the'oacil~o~ 

scope from the bridge circuit. Whether or not the sample·vas 

centered was obvious from the change in the signal with re

spect to translation or the sample. The tube holding the 

sample was then clamped so that it could move no lower than 

the center position in the coila. 

Once the bridge was balanced and the sample was centered, · 

data which consisted of brilge inductive and resistive reed

ings, end thermodouple readings were recorded~ F~rst en "inM 

.reading, with the sample in the coils, wee taken. Then the 

tube containing the sample was tre.nsleted out of the coi.ls 

and e.n "out" reading was .te.ken, with the sample out of the 

coils. The tube was then lowered back to 1ts originel·posi

tion e.nd another "in" reading was taken. The thermocouple 

reedings· at the time of both "in" reedings were recorded .. 

These reedings were usually the same unless the sample was 

kept out of the 1m~ed1Rte vicinity of the helium be.th long 

enough to wa.rm.. This warming only happened at very low 

temperatures. The sample was then heated slowly enough to 

obtain the necessary data in the particular temperature range 

in question. 
. 0 . 

In the region below 20 K this meant· a point 
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every o. 5° and between ~0° and 30°1, a point every degree. 

From 30° up to 77°K,a point every tour or tive degrees was 

suffioien t. Above 7,01 a point was taken only every 10 

degrees. Thermocouple readings and mutual inductance reedings 

were recorded tor every point. 'l'h.e bri,dge. resistive ree.dings 

were recorded about every tour points. The •out" readings 

were checked Often enough to be assured thet their veri&tion 

would 1nvolv~ an error or less than .1.% ln liM which is the 

difference between an 11 in" reading And an "out" inducth.nce 

reading. 

In order to take an •out" ree.ding,. the amount ot heat 

which was being supplied to the sample was decreased until the 

temperature of the sample became constant. In the.case or 

samarium this was not necessary since the sample had to be. 

heated very slowly due to its large size. Data were taken on 

samarium at e.bout one degree per 10 minutes as compared to 

points taken on terbium or gadolinium at about 10 degr~es per 

four minutes. 

Heat was supplied through the use or the hester circuit 

described under "Sample compartment•. A check was kept o.n the 

amount of heat supplied to the sample, through the use or a 

voltmeter parallel with the heater. This check made it 

easy to adjust the heat for future runs. 

Two kinds of runs were made. One, which will be referred 

to e.s a "heating run", was me.de by taking da.ta as the sample 
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was heated t'o higher. temperatures. The other will be referred 

to as a "cooling run" and was made by taking data as the 

sample was cooled. The number and k1nd ot runs depended on 

the particuler sample. In the case of gadolinium, only ·heat-

ing runs were made since there were no anomalies which we.re 

studied tor hysteresis. Only the shape ot the mutua.l induc

tance curve was ot interest. Special attention was given t.o 

da.ta ta.ken in the region of 200°K where there was a maximum 

in the mutual inductance curve. 

Terbiumand.samarium were both examined tor hysteresis 
. 0 0 

effects in the temperature ranges of 220 K and 15 K, respec-

tively. For terbium, several heatil').g runs and s_everal cooling 

runs were made. Some heeting.runs were made by first coolil').g 

the sample to 790y{ and allowing it to stand undisturbed over- . 

night before taking de.ta •. Other heating run_s were made by 
0 

first cooling the sample to various points above.78 K in.the 

range fairly close to the peak, and then tak1ng heating points 

immediately. 

Cooling runs were made by cooli~g down.from·room temper-. 

ature, by coo ling from ve.rioua points above the peak, end by. 

cooling from the same temperature a.bove the peak to· test for 

time dependence. The test for time dependence .of the. c1M 

·versus T curve for terbium was made as follows. Dupl,.cate 

runs were made by heating the sample from a temperature below 

the peak to the sa.me temperature .e.bove the peak and e.llowing 
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it to stand· there tor a tew hours in one case and overnight 

in the other case. Also, _runs were made by cooling the sample 

down. to. sev.eral temperatures below the peek and above 1·50°1 

and allowing the sample to stand for different lengths or time 

while the temperature was,
1 
~ep:t ae ~early constant es posstbl:e. 

The longest length of time was 24 hours. 

Semariu~ p;resented a problem in that the sample waa so 

large that· a very slow heating rate had to be used to ,obtain 

temperature equilibrium 1n the sample. Early data t~ken on 

this sample were irreproducible and it wa.s concluded that this 

irreproducibility was due to the test heating rate used since 

it was independent of the. thermal history ot the sample. The 

data ta.ken at very slow hea.ting rates were reproducible for 

a given thermal history and only these are included in Figure 

6. Several heating runs were made by first cooling to various 

points· below the peak and heating. Cooling runs were also 

made. This sample was tJ.lso. examined in the region ot 105°1 

where a second pe~k occurred in the heat capacity curve (e). 

Runs were made in this region using both a liquid nitrogen 

·bath and a lictu1d helium 'bath. 

The accuracy ot the thermocouples was checked to deter

mine to within what limits the absolute value of any temper
; 

ature was· known. This 1~as done by putting ce.rbon disulfide 

into a bakelite container which was fitted into the apparatus. 

The carbon disulfide was then solidified and a plot ot EMF 
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versus Twas made of data taken through the melting point. 

Data obtained from this material proved very re~roducible and 

a melting point of -112°0 was obta.1ned. The reported va.lue" 

was -111°0. It waa concluded that the absolute value ot a 

temperature ,was known to within a· degree. This ·meant tha.t the 

mutual inductance curve might be shifted one degree in one 

direction or the other, not that points were randomly in error 

by a degree in any direction. 



RESULTS AND DISCUSSION 

The paramagnetic properties exhibited by the rare earths 

and their salts arise from the incomplete aubshell ot 4t 

electrons which ia present in the lanthanide series. Because 

of the high temperature free ion value of the magnetic moment 

in the rare earths, these 4t electrons are. usue.lly not con

sidered to be conduction electrons. The screening ettect,· 

whioh is pr~sent in the pure metal as ~ell es the salta, of 

the two complete euoshella of higher principle quantum number 

( 5s and 6p) should enable the atoms to behave as free io·na 

except in the low temperature region where interaction between 

neighboring ions becomes important. It is this region with 

which this work 1s concerned. 

The results of present work are discussed 1n terms of 

AM, the change in mutual inductance due to the presence of 

the sample, rather than magnetic susceptibility, assuming that 

the susceptib1li ty goes as t1 M above the higbeet rnagnet1c 

transition. The movement of domain walla becomes important 
' 

below the Curie point but just how much this contributes to 

these measurements 18 not known. Because the exact contribu

tion of the magnetic moment to ~M, below the Curie point, 

is not known, a calculation of the absolute susceptibility 

below the Curie point is irrelevant here. 
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Gadolinium 

The present magnetic work done on ·gadolinium ha.s been .to 

determine the shape ot the cur•e or AM versus T from ?8°1 to 

310°K in order to get an idea or its behe.vior in 8 region 

where the ma.gnetic properties ot the metal are known. Elliot_, 

~ al. (4) have made measurements over the temperature range 

ot 20° to '250°K and heve round ga.dolinium to have 8 par8m8g-
-

netic Curie point or 2890X. They also reported no thermal 

hysteresis within 0.1° at the Curie poin~. Trombe (18) also 

reported a value ot approximately 289°K tor the Curie point. 

Klemm and Bommer ( 11) have reported an approximate Curie point 

or 300°K for gadolinium and a value or tat at 418°1 or 

64.5 x lo-3 . Kriesaman and McGuire (12) h~•e also studied the 

magnetic properties or gadolinium e.bove 400°C end round that 

it obeyed the Curie-Weiss law t,, a 8.21/(T - ~98). 

Griftel,s! ~· (6) observed en enhanced heat cApec1ty, 

associated with the ferromagnetic trensition, with a maximum 

at 291. ?°K. 
' 

The curve of Ll M versus T, which represents the present 

work done on gadolinium, is shown in Figure 3. For comparison, 

the heat capacity curve ha.s also been included in the figure. 

Above. 70°K, the L1 M curve rises slightly as the temperature 

is increased end reaches a maximum e.t 20~°K. · It then de

creases slightly to a minimum R.t 2.42°K where it begins to 

rise again. Another maximum is reached a.t 26~°K and the curve 
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Figure ). Change in mutual inductance versus tempera-. 
ture of gadolinium; specific heat versus 
temperature of g~dolinium 
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then drops sharply until the temperature or 295°K is reached. 

Here it begins to level orr to A straight line. A plot or 

1/ d M versus T wee made of data taken from 290° · to 310°K. 

This plot (Figure 4), when extrapolated to a value or zero tor 

1/A M, yields a paramagnetic Curie t~mperature of 284.2°K. 

However, this plot or 1/ .d M versus T is not linear. In order 

to o bte1n a more exact value of the paramagnetio Curie p:o1n t 

it would be necessary to extend the temperature range -ebove 

310°1 to the region of true perame.gnetism. An extrapolation 
I . 

of the AM versus T ourve in the region or the she.rp rise, 

270-290°K, to~M • 0 yields a temperature of 292.5 ± 1.5°K 

which agrees more closely with the temp~rature at which- the 

maximum occl,lrs in the specific heat curve. It might be noted 

here that some di screpency in the Curle point determine.tion 

could erise from inhomogeneity or the sample. Behrendt,,tl .f!!· 
. 0 

(l) round a difference or 20 . in Curie points or dysprosium, 

depending on whsther the crystal a.xis was perpendiculAr or 

perallel to the field. The measurements or ·AM versus T on 

gedoliniurn were made on "as oast" samples, end it is uoeeible 

that a preferred orientation existed in the ~ample, even 

though it was in the form or small particles embedded in wax. 

Terbium 

The magnetic properties or terbiurn have been studied by 

Klemm and Bommer (11) and by Thoburn,et ~· (1?) in fields or 
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50 to 18,000 oe. The present work on terbium consisted of 

· messurernente in fields of e.bout 2 oe. 

Klemm and Bommer reported terbium to· obey the Curie-Weiss 

law ~at 2 10.1/(T - 205) and obtained en atomic susceptib11-

1 ty st room temperature of 115 x 10-3 .' Thoburn, fi al. heve 

measured the metal over the temperature ren~e 4°K t~ 375°K 

and reported a paramagnetic Curle point of 237°K. Their 

measurements also indica.ted a.n order-disorder trensi tion et 

approximately 230°K in ·fields of 50 to 800 oe snd weakly bound 
' . • I 

antiferromagnetic ordering for temperatures between 218° end 

230°K. The meta.l beca.me ferromagnetic below 218°K. The anti

ferromagnetic ordering was found to diSapPear in fields above 

200 oe. 

Colvin (3) hes made measurements of the resistivity of 

terbium. A plot of resistivity versus T showed.the curve to 

change sharply in slope at 229°K and to increase only slightly 

in elope with increasing temperature at 219°K. Bo~n (2) also 

reported e change in slope of his curve of thermoelectric 

power versus T at 232°K but detected no transi t1on nee.r 219°1. 
I 

J enn1ngs, li al. ( 9) reported en anome.ly in their specific 

heat versus temperature curve et 227.?°K, which showed up as 

e sharp peek, end also en anomalous region neer 220°K which 

showed up as e slight bump in the curve. The heat cap~city 
0 in the region of 22Q K. we s found to depend upon the therf!lal 

history of the sample. 
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Figure 4. Reciprocal or change in mutual inductance 
versus temperature of gadolinium 
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·It was this region around 220°1C that was thoroughlY 

examined in the present work although measurements extended 

the whole temperature range from 78° to 235°1. Two terbium 

samples were used. .The original sample, which will be re

ferred to as sample No. 1, was too large to obtain points ft.t 

the top of the peak when cooling from room temperature since 

the mutuel inducte.nce exceeded the maximum mutuel induetenee 

value or thlf!l! h?"1dge. One run, ooollng trom·room temperature, 

was made on·sample No. il and is represented by the inverted 

triangles in Figure 5. Sample No. 1 wee out in halt and one 

half was sample No. 2. The reproducibility or dat~ taken as 

the sample was cooled from room temperature ws.s confirmed by 

malting two cooling runs on eample No. 2. These runs are 

represented by the inverted blackened triangles and the 

squares with x's. Data from the ebove mentioned three runs, 

when noM!alized to ohe.nge in mutual inductance per gre'TI of 

sample, do not fall on the same curve 'below 22.0°K. Whether 

this is due to hysteresis, differe~t preferred orient~tion in 

the two helves of the sample or a.ddi tional strain due to 

machining, 1s not known. No heating runs were made on sample 

No. ~. The curve or AM versus T shown in Figure 5 reveals 

two peeks; one .with a maximum et 219.5°K and the other at 

229.4 °K. The lerge ·peek in the mutual· inducte:noe curve 

corresponds .to the small bump 1n· the specific· heat curve, 

elso shown 1n.the figure, and the small one to the sharp peak --
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in the specific heat curve. The terbium sample showed hyster

esis in the region of 219°1. Data taken while heating the 
. 0 

sample showed a maximum mutual inductance at 219.5 K and dsta 

taken while cooiing showed a maximum at 215.7°1. This max

imum at 215. 7°lt always occurred at the same temperature·. re

gardless or the treatment or the sample before cooling even 

though the .1M values did not tall on the same curve unless 

the sample was cooled all the way from room temperature. 

The general trend followed by the cooling curve was as 

follows. The eooi1ng dAta .fell .on the heRting CUt'Ve as the 

sample was cooled over the peek et 229°!. · Whe~ the minimum 

.at ~27°K was t'esched, the cooling data tell below the heating 

curve. After going through the minimum) the· points tell e.bout ·:· 

one degree to the left or the he~ting cu~ve, rose Above the 
. . 0 

hes.ting curve as the sample was cooled pest 2~0 I to a. max-

imum st 215. 7°K. As the temperature ws.s further decreased 

the cooling curve slowly aPProached the heating curve until 

the two coincided at 78°1. 

The original heating curve was reproduced only if the 

sample was cooled down to 78°K and allowed to stand tor at 

least eight hours. Otherwile, varying curves would be ob

tained ranging anywhere between the original heating curve 

and the coo ling curve representing data taken as the sample 

wa.s cooled from room tempereture. The sample was also found 

to exhibit time-dependence in the region of the peak at 



',I . 

J2 

Figure 5. Change in mutu~l inductance versus tempera-
ture of terbium; specific heat versus · 
tem~rature of terbium 
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0 An extrapolation ot the dM versus T curve above 230 K 

to 4 M =- 0 gave a. value tor the Curie point of 235. 6°K. 

Samarium 

Loc~ (14) has assumed trom his work on samarium that it 

becomes anti-ferromagnetic below 14.8°K where he hee roun~ a 

maximum in the susceptibility. The curve of susceptibility 
. 0 

versus temperature dropped sharply below 14.8 K and starte~ 

to rise again below ?°K. Lock also reporte~ a kink in the 

curve around 105°K corresponding to a drop.in the susceptibil-
. . 0 .· . 

ity of about 5%. From 150 X up to room temperature he found 

that the su·sceptibili ty .varted no more the.n 2% and followed 

no· torm ot the Curie-Weiss law·. The value given by Look tor 

10
3 {.max. per gram·etom at 14.8°K was 1.82. 

Hee.t c~paci ty !1!easurements on samarium ·revealed two peaks 

in the ·curve ot CP versus T, one at 105°K (8) end the other at 

13.8'°K (15). ·Although the pee.k at 105°K cont~ined more 

entropy then ·did the lower tempet'etur.e peak, only a. slight 

indice.tion of this high temp~re.ture anomaly wae seen in the 

suscepttb111 ty measurements of Lock end in the work presented 

here no anomaly ot significant size was found ~round 105°K. 

Resi et1 vi ty measurements 1 however 1 done by Curry ( 2). showed 

a cha.nge of slope in the resi.Btivi ty versus .tel'l"pereture curve 

at l05°K which weA,1'tempereture dependent, indicating that somA 
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magnetic ordering does occur. 

Heat capacity measurements made in this Laboratory (8) 

showed a rise in the specific heat curve between 14.4° and 

1~.?°K, but since measurements could not be made below 12.7>K 

the maximum could not be seen. Roberts (15), however, re-

ported a maximum in her heat capacity versus temperature curve 

at 13.8°K. The reason for the difference in the two curves 

was not known. 

Zero field mutual inductance measurements were made on 
0 samarium down to 4.2 K which, after careful examination, 

proved that either the samarium sample showed no hysteresis 

or that it could not be detected by this method. In the case 

of terbium, however, hysteresis effects were clearly seen by 

the mutual inductance method and recent. inductive measurements 

made on thulium* show this metal to exhibit hysteresis iri the 

hydrogen range of temperature. It is probable, therefore, 

that no hysteresis of the type observed in thulium and terbium 

exists in samarium in the region of 14.8°K. 

The AM versus T curve and the heat cape.ci ty curve 

(Robert's data is plotted below 20°K) for samarium are shown 

in Figure 6. The max1Ji1um in the d M curve occurs at 14. 9°K 

which closely agrees with data taken by Lock ( 14). This tem

perature is higher than 'the t of the heat capacity maximum of 

*Investigation was made in the Ames LabQratory. 
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Figure 6. Change in. mutual inductance versus 
temperature of samarium; specific 
heat versus temperature of samarium 
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Roberts ( 15) by 1.1° and e:ven s~ill hi-gher thM that iridieated 

in our he~t capacity work (a). · No increase ln AM was round 

below 7°K to agree with the increase in ~as reported by 

Lock. 

There appeR.red a bump in the llM. versus T eurve ot 
0 . 

samarium around 77 K which did not show up 1n all runs and 

therefore was not investigated thoroughly. 

Born. ( ?) reported only a barely d1soern1ble bump in his 

curve of thermoelectric power versus temperature et 105°K. 

I 
.·• 

I 
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APPENDIX-

'l'he ·tables which tollow contain deta in tine.l torm as 
! :. . ' ' t ' 

plotted in the graphs on preceding pages. The temperature is 

given in °K and change in mutual inductance, denoted by AM, 

is given in turns per gram. One turn is equivalent to 

2 x lo-8 henry. 
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Table 1. Change in mutual inductance ot gadolinium 

T L1M T ~M T AM 
OK turns/gram OK turns/gram ox turns/ gram . 

S~rl,~s 1 

77.3 340.17 138.3 359.88 220.3 381.80 
82.4 342.09 143.5 361.52 225.3 377.88 
85.3 343.32 149 .o 38~.52. 230.4 375.19 
88.2 344.39 154.1 365.21 235.4 372.73 
91.0 345.39 161.9 369.43 240.5 371.35 

93.0 345.47 169.6 . 373.$6 245.5 370.68 
95.9 34e.::n 1??.2 379.19 
98.7 347.18 183.9 393.18 

101.5 348.08 192.4 387.58 
104.3 348.93 ~00.0 389.86 

110.2 350.77 205.2 389.98 
114.8 352.15 207.4 399.40 
122..4 . 354.61 209.9 399~48 
127.7 356.45 212..4 397.10 
133.1 358.06 ·215.5 385.33 

Series 2 

77.3 340.71 184.9 381.49 269.5 35.82 
81.0 .341.78 199.9 394.03 271.7 319.12 
86.8 .343.40 195 .o 395.9? ~73.0 301.61 
92.5 345.16 197.5 386.58 2?4. 5 2?8.19 

102.-3 348.31 203.8 386.33 275.8 ~59.06 

107.9 349.85 206.4 385.56 277.3 . 232.41 
113.3 351.69 208.9 384 .33 278.8 2.0?.30 
118.7 353.38 213.9 381.72 280.8 174.89 
124.0 354.92 221.5 376.73 2.92.3 152_ .. 30 
129.3 3 56.4 5 la26.1 374.2.7 2.83.3 137.63 

134.7 358.14 231.1 372.. 27 284.3 1~1.98 
139.9 359.99 236.2 370.9? 
145.1 361.'83 £41·2 3?0.58 
150.3 363.90 246.8 371.51 
155.4 365.98 2.51.3 373.57 

160.6 368.36 255.6 376.57 
16b.? 371.04 . 200.6 380.03 
170.9 373.66 263.2 379.03 
176.0 376.42 264.4 376.65 • 179.8 378.73 2.66 .9 365.82. 
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Table 1. (Continued) 

T AM T AM T AM 
OK turns/gram OK turns/gram 'OK turns/gram 

~riee 3 

82.5 342..17 180.5 376.73 258.1 376.73 
94.7 346.16 193.1 383.56 261.6 379.03 

106.0 349~54 202.6 386.41 263.7 377.50 
116.8 353.15 212.7 384.33 265.7 373.20 
127. 5· 356.30 222.8 376.57 268.2 356.84 

138.1 .)59 .91 232.9 370.20 270.7 330.26 
148.4 363.59 237.9 368.89 272.0 313.83 
158 .. 8 367.90 243.0 368.51 273.2 2.96.01 
163.9 369.82 2.48. 0 3€19. 59 
174.2 375.04 253 .1. 372.50 

Series 4 

80.6 341.32 277.7 272.73 ?97.4 21.51 
92.2 345.82 278.5 259.45 298.9. 18.74 

103.2 352.69 279.5 23~.33 300.4 17.~ 
150.0 361. 8.'3 280.8 '214. 21 .302. 0 15.59 
170.6 370.20 282.3 183.03 303.5 14.36 

193.5 382.87 2.84 .3 144.78 305.0 13.29 
20E.2 388.02 285.9 119.74 306.5 12,.44 
232.0 372.43 286.9 104.30 308.0 11.67 
239.7 :-571.51 287.9 98.08 310.5 10. 52.. 
249.8 371.58 288.4 83.87 

2.58.9 373.73 289.9 66.36 
262.4 380.42 291.4 51.69 
2..66.7 371.20 2Q3.2 36.79 
271.8 339.25 294.4 31.11 . 
2.75.7 311.29 295.9 2.5.2.7 

• 
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Table 2. Change in mutue.l inductance of terbium 

T AM T AM T AM 
OK turns/gram OK turns/gram ox· turns/gram 

Ber.ies 1 

77.3 102.63 127.6 . 136.91 179 .o 166 .~4 
79 ;5 103.88 133.8 141.34 194.1 181.15 
83.5 108.35 137.9 144.75 189.0 194.69 
89.'2. 109.92 143.1 149.83 194.1 220.83 
94.8 113.63 .148.3 154.50 199.1 248.67 

10 (). 4 117 .4Z 15().8 156.74 '- 204.2 2R~.7A 
106.0 12.1-23 159-0 16'2. 72 209.4 344.18 
111.4 126-04 1C:3. 7 1Gc3 .G5 214-2 408.14 
116.7 1~8.90 168.8 153.12 
12'2.1 132.89 173.9· 162.55 

Series ? 

77.3 98 ·29 152..1 152.27 228.3 218.48 
82.0 101.53 157.3 . 156.44 229.0 251.09 
84.9 103.24 184.1 177.93 2~9.5 2?7.21 
8?.7 105.00 192."8 213.39 229.8 2?5.94 
93.4 108.43 197.9 241.5? 2·'30. 3 245.89 

101.8 113. 73 202.9 275.11 ~31.3 ·183. 06 . 
104.6 115.36 207.9 321.1? 233.3 10?.33 
110.1 119.32 213.0 38~.42 
115.4 122.?6 216.? 4~1.6~ 
120.7 12.6.~6 219.2 466.26 

12.8 .1 129.30 220.5 457.8:5 
131.4 1·'33. 88 2?3.2 356.19 
136.6 138 .. '37 224.5 287.51 
141.8 142. 5? ~25.7 236.0? 
147.0 147. 5'2. 227.0 215.74 

~ra.es :3. 

209.8 435.67 226.3 238.88 
210.'? 443. ~3 ~£''?.5 r14.9o 
213.0 469.63 228.3 2l2.91 
216.9 497.30 228.8 219.88 
218.2 498.53 230.8 219.88 

220.0 487.02 230.1 275.03 
?.21.2 454.35 ?30.R ?.n7.?3 
222.? 404.40 . 231.5 204.62 
224.0 337.44 232.8 141.66 • 225.0 2.85.13 233.3 124.32 
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Table ?. • (Continued) 

T 4M T ..1M T LlM 
OK turns/gram OK turns/gram ox turne/grem 

Series 4 

231.9 208.39 219.0 612.45 173.9 228.93 
230.8 257.31 209;4 598.47 168.8 214.01 
230.0 276.51 207.9 563.26 16:5.7 20'£.44 . 
229.5 255.81 205.6 516. 52 159.0 193.35 
228.8 216.78 202.9 474.27 154.7 188.22 

228.3 202.06 200.6 4:58.87 149.6 180.60 
227.5 192.19 197.9 404.90 144.5. 176.61 
227.0 191.32 195.6 373.87 134.0• 161.13 . 
226.3 196.97 192 .a 348.57 128.7 154.98 
225.7 201.61 . 190.5 322.32. 123.4 148.65 

225.0 225.56 189 .o 311.21 112.8 136.36 
224.5 244.28 187.9 300.58 101.8 124.85 
223-2 310.77 185.4 272'.46 90.6 114.~1 
222.0 404.16 182.. 7 263.18 84.9 109.62 
220.5 504.74 179.0 246.89 78.0 103.22 

Serie.e 5 

222.0 373.06 207 •. 9 468.65. 
220.3 459.1?. 205.6 4~.95 
219.2 512.~91 202.9 382.95 
217.7 566.81. 197.9 323.57 
216.9 581•01 194~1 28fL65 

215.7 584.25 189 .o '253. 74 . 
214.2 576.41 184.1 228.44 
2.13.0 560.03 179 .o 208.42 
211.7 540.05 1?2..6 192.27 
210.7 517.13 16?.5 182.29 

Series 6 

99.0 il2.38 177.7 174.20 215 .• 5 418.10 
110.1 119.86 180.2 179.14 218.5 457.51 
120.7 127.84 ( 182.7 186.06 220.0 465.46 
126.1 131.99 185.4 193.56 220.5 462.76 
136.6 141.00 187.9 . 202.44 222.0 438.21 

141.8 144.85 188.8 202.42 
149.6 152.08 190.5 210.94 
157.3 158.99 2.00.6 251.91 

• 166.2 164.92 205.6 302.08 
. 175.2 170.51 210.7 351.94 
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Table 2. (Continued) 

T llM T .1M T tlM 
OK ·turns/ gram OK turns/gram OK turns/gram 

~r1es 7 

219.6 503.76 212.7 546.89 
218.7 . 529.12 211.9 542 .. 28 
215.8 541.31 211.5 534.93 
217.~ 659.46 211.0 528.91 
216.6 562.62 2.09. 6 512.62 

216.8 563 .;3u 209.2 504. B4 
215.3 553.10 
214.8 561.90 
214.3 559.57 
213.3 552.75 

Ser1ee 8 

233.3 115.36 222.6 347.27 216.7 560.29 
232.1 164 ~51 222.1 380.74 216.5. 562-26 
230.8 240.34 221.6 . 410.91 215.8 563.38 
229.6 227.66 2.21·2 433.14 214 .a 561.94 
228.9 202.55 220.8 452·.60 213.6 655.36 

227.7 185.37 22().3 477.88 213.1 . 551.58 
227.1 185.81 220.0 489.83 2.12.3 544.60 
225.8 ~00.46 219.1 524.26 211.1 532.~0 
224 .o 258.04 218.2 542.40 
223.3 297.88 217.5 554.19 
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Table 3. Change in mutual 1rtductanoe of same.r1um 

T AM T AM '1' AM 
OK turns/grem OJC turns/gram OK turns/gram 

Series 1 

5.16 . 00863 16.1 . .050?5 
8.38 .01?66 16.8 .05031 . ·' 
9.?5 .02305 17.5 .04991 

10.8 .02846 18.8 .04922 
11.8 .03456 20.1 .04841 

12 .? .04111 21·2 .04??9 
13.6 .04866 .04681 
14.5 .05102 .. 04631 
14.9 .05109 . ·.·: 

15.3 .05089 

Series ?. 

5 .·6?. .01009 14.9 .05124 21-2 .04833 
7.00 .01212 15.3 .05109 22.4 . 04787 
8.50 . 016?3 15.? .0509~ 23.5 . .04730 
9.13 .01892 16.5 .05067 .· :. 

10.3 .02734 16.8 .0505.2 . 

11.3 .03180 17.5 • 04993 
1 '2.. 4 .03843 18.2 .. ·04991 
13;2. .044?0 18.8 .04949 
14.1. .05~2. 19.4 .04922 
14.5 . .05117 20-1 .04895 

Series 3 

12.0 .03498 1?.5 .05013 
12.? .03960 1o.n .o4o51 
13.2· .04354 20•1 .04902 .. 
13.6 .04752 21.2 .04854 .. : 

14.1 .04814 '22.4 .04811 

14.5 .05099 23.5 . 04?57 . 
14.9 . 05126 
15.3 .05122 
16.1 .05104 
16.8 .05052 

• 






