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Abstract--The electrical resistivities of polycrystalline Gd, Th, Dy, Ho, Er, Tm,
and Lu have been measured between 1. 3°K and room temperature. The eifects of
magnetic ordering processes are apparent in the resistivities of all these eiements

except Lu,

2 I. INTRODUCTION
We present hqr. the temperature dependence of the electrical resis.
tivities of Gd, Th, Dy, Ho, lr; T and Lu, All of these elements bave
the hexagonal close-packed crystal structure’ and bave very similar
physical and chemical properties. For a given member of this group
good correlations are found in the abnormal temperature dependence
of such physical properties as specific heat, magnetic susceptibility,
thermal expansion, thermoelectric effect, and electrical resistivity.
The measurements reported below were made on the best samples
presently available in the Ames Laboratery. For Gd, Dy, and Er we

believe these samples are superior to samples for which resistivities
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were reportsd praviously. 2 tnis is manifested in more distinct dreaks
in the rasistivity curves, lower values of the resistivity and smailler
slopas in the curves. In other esrlier work Btﬁ;ma reported the
renistivities of a numbey of rars-sarth metais from 0°C o zoom tempera-
ture. The resistivities of single crystals of z?y* and Ex” have been
measured and polycrystatitne results have been px&ﬂmd from theds

messurements. Agreement with the results reparted hewe is good.

II. EXPERIMENTAL FROCEDURE
A. Apparatus
The varisble temperature apparatus used for this investigation is
shown in Fig. 1. A sirollar hest leak chamber was used and described
by Andersen, 6 Appropriate changes in the apparatus were made to
permit speration with liquid hydrogen and nitrogen as well as with
| }quid heliom. Since aperation of the apparatus at the higher tempera~
turas was not economicaliy feasible when helium was nsed ae the cold
reservoir, & nitrogen rasarvoir, whick was refilied automaticaily,
was used to majutain any temperature between 77, 5*K and 400°K for
indefinite periods of time.
Temperatures wers changsd by using pulses of slectrical power
in the 140 ohm heater coil to oblain the temperature desired. Aute-
matic temperature control was csed to snaintain & tempsrature when
it was desirable to do s0. It was {ound that in the temperature re-

gions whare the resistivity was wsll Behaved it was sufficient to havs
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approximate equilibrium conditions to obtain good data. Temperatures
and resistivities were measured simultaneocusly.

The sample resistance was determined by the usual four-probe method
using current reversal. An electromic constant-current power supply was
used to supply . 342 amp to all of the samples measured. Sharpened
brass wedges approximately an inch apart mounted on a quartz block
were used as potential contacts. Sample diameters were determined
with a n&nm:.

Most of the measurements below 20°K were made in the liquid hydro-
gen or liquid helium baths. Temperature measurements were made .
with a vapor pressure thermometer or with copper constantan thermo-
couples.

The probable error in the determination of the sample resistivities

was about 1%. Temperatures were known to the nearest . 1°K.

B. Samples

All of the samples were cast rods 3/16-in. in diameter and 2-in.
iong. The curves for Gd, Tb, Tm and Lu were obtained after an-
nealing. Asnnealing attempts on Ho and Er were unsuccessful. The
curves reported for these two elements were obtained prior to an-

nealing. No attempt was made to anneal Dy.




L

It kas beaen shaervad that Ta immpurities in & rare-earth metal will
greatly reduce the resiastivity and give erronsces reasults belew the
superconducting transition of Ta, Conssquantly, we have net pleotted
any points belew 4. 4°K for Ton and L which apparently pick up Ta
in the casting process. For the aams reason we have takes the resi-
dual rasistivity to be the 4. 4°K value for all the samples. On the basis
of the messursmenty made on many samples sad their extensive analyses
we can {ind ue contradiction to the commonly sccepted proposal that
the residunl resistivity of metals is rslated te the ovar-all sample
purity,

In Table I we shaw the resuits of spectrographic and other tests

fer impurities in the saraples usad in this work.

IlII, RESULTS

Antiforremagnetism {s spparently characterised by & peak in the
resistivity curve. The triﬁniﬁcu from ferremagnatism to anti-
ferremmugunetism ie {dentifisd with & jump in resistivity. A wall<be~
bavad resistivity curvs for Lu was anticipsted 'unct it has difilked 4%
shell. |

The electrical resistivities observed sm the hasvy rave-esrth
mutals sre shown ia Pigs. 2-8 and ara discussed below:

Gadolinlum...A sbarp change in slope occurs in the resiativity of

Gd between 291 and 392°K (Fig. 2). Messurements of magnetic



Element

Gadolinium
{not distilled)

Terbium
{not distilled)

Dysprosivm
(distilled)

ﬁolmium
(distilled)

Erbium
{distilled)

‘Thuliom
(distilled)

Lutetium
(not distilled)

6

Table I. Sample nnnljch

~ Analysis -
‘ : a

Dy Z.01; Y<.05; Pb <.01; Eu<.0l; 8m Z,05; Nd <. 05;
Mg <.01; 51, ,025; Ca, .06; Fe, .02, Ta<.1; C, 210 ppm;
N, 130 ppm; Ag, Al, As, Au, B, Be, Bf, Co, Cr, Cu, Ca,
Ge, Hg, Ir, Mn, Mo, Na, Pb, P, P4, Rh, Ru, 8Sn, 8r,

Ti, Tl, V, W, Zn, Zr not detected; Ni-trace.

Dy, 0.05; G4, 0.05; Ca, 0.04; Eu, Fe, BHo, 81, Ta, Y,
YL, Tm, la, la, .Nd, Pr, Exr, not detected.

Y=.01; TH<.1; YD <.005; Er <.02; Ho <.02; Ta, 0.2;
Fe £.01;51<.,03; Ca {.05; C, 100 ppm; N, 15 ppm;

Mg very faint trace.

d d

 TmZ.01; Er< .02; Dy <.04; Y < .01; Ta, .2; Fe, .01;

Ca, .05;8:1<,02; G, 75 ppm; N, 94 ppm; Ni, trace;
Cu, trace; Mo, Cr, Al, Sc not detected.

Ca, < .0l; Fe, .02; Mg <.01; 1 <.0l; Y<.01; Dy <.005;
Yd £,0002; Tm <.C02; Ho <.008; Ca, faint trace; Cu,

- trace; la, trace,

d
Lu<.003; Yb <.0005; Er<.004; HO <.04; Y <.(@;

. Cas.05; Mg—~.05; Fe, .02;S81<.01; C, 120 ppm;
" N,+9 ppm; Ta, 1.5; Ag, As, Au, '‘Ba, Bi, Co, Ge,

, Hg, In, Mo, Na, Nb, Ni, Te, T§, Tl, V, W, 2n,
Zr, not detacted. Cu, trace; Al trace; Mn, trace; Cr,
trace.

4 d
Y~ .05 8c £.02; Yb< .005; Tm< .002; Cac .05;
Mg 9 .03; cr9 .02; Fe~.01; St <.03; C, 66 ppm;
N, 720 ppm; As, Au, Ba, Be, C4, Co, Cr; HI, Hg,
In, Na, P, Pt, Ru, Te, Ti, V, Zr not detacted, Cu,
trace; Mn, trace; Nb, trace; Ni, trace; Sn, trace;
Ta (etrong line). ’
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moments, 2 thermal expansion, 7 thermoelectric eiiecta and specific

hcat9 indicate abnormal behavior near this temperature and suggest that

the sharp change in slope should be associated with ferromagnetic

-

ordering.

Terblum-—There 1s a sharp change in the slope of the resistivity
curve for terbium at 229°K as seen in Fig. 3. A careful study of the
-' resistivity just balo\ér this temperatore showed a slight increase in slope
with increasing temperature at 219°K. Measurements of magnetic

10

moments, ~ = specific heat, 1 thermal expam!on7 and thermoelectric

en'ects suggest that the region from 219°K to 229°K is an antiferromag-
netic state and the region below 219°K is ferromagnetic.

Dysprosium~As seen in Fig. 4, a sharp increase in resistivity

with increasing temperature occurs at 90°K. A peak was found at
174°K. An applied magnetic fleld of 22. 4 kilo-oersteds will remove
most of the peak and will gsuppress the resistivity jump at 30°K. Mea-

13,14 thermoelectric

surements of specific heat, 12 magnetic moments,
effecta and thermal cxpamlon" suggest antiferromagnetism from 90°K
to 174°K and ferromagnetism below 90°K.

Holmium~-A change in slope (see Fig. 3) occurs near 19°K simfilar
to the changs at 50°K in Dy. A peak was found at 127°K. Measurements

15 magnetic moments 6 and thermoelectric effect®

of specific heat,
suggest £errcmaghetigm below 19°K and antiferromagnetiem from 19°K

to 127°K.
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Erbiume A pronounced minimura occurs {n the curve for erbium at
80°K as seen in Fig. 6. All the points were taken with the temyersmrc'

2,5, 17

increasing from 4.2°K. Measurements of magnetic moments and

16 suggest that the metal is ferromagnstic below 20°K and

epecific beat

antifarromagnetic between 20° and 80°K. The ferro-antiferro transition

is not dotecublo. in the polycryetalllx;e zosistivity curve reported here.
Thulium--A peak occurs at 5¢.5°K. Measuremeonts of specific

19 16 ouggui Tm is antiferromagnetic below

heat ° and magnetic méents
84.5°K. The resistivity data below this temperature do not indicate
a change to a ferromagnetic state.
Lutetiurn- The resistivity of Lu was found to be well behaved over
the temperature region lnveltigtted.; Meuﬁremehtn of specific henw

and thermoelectric offecta also {ndicate normal behavior for a metal,

IV. MAGNETIC DISORDER RESISTIVITY

The proposal by Kunyazo that the electrical resistivity of rare-
earth metals is not due entirely to impurity and phonon scattering of
conduction electrons appears to be 2 reasonable suggestion consistent
with the experimental resulta. frhe manner in which one might cal-
culate the magnetic coi\tribﬁtion to the resistivity is not clearly estab-
lished.

We have tre:ated the best data available according to the proposals

of Anderson and chvoldm for calculation of the msagnetic disorder
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contribution to the vesistivity, All of the results used for these
calculations with the exception of Th were obtained after the publication
of the letter by Anderson and Legveld. > In Table IT we bave tabulated
the residual vesistivities and our estimates of the magaetic eeutﬁl}uﬁu
to the resistivity of each element. In Fig. 9 we have plotted these
contributions as functions of two different parameters. The §(5+1)

parasneter is the one used by Anderson and Luwl‘n and the parameter

5 5% has heen suggested by Brout and Subl. **

Table II. Magnetic and Residual Resistivities

Eiement (m | /Qnt
Gd 106.9 4.4
TS 86.4 3.5
Dy 8.5 2.4
He 33.8 7.0
Er 2542 2:4
T 16. 2 5.6
La 0.2 4.5
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Figure Captions

Low tempemture heit lsak charcher.

‘Eloctrical resistivity of Gd vs temperatare.

Klectrical resistivity of Tb ve temperasture.
Electrical meistivity of Dy va temperature.
Eleoctrical resistivity of Ho va tempersture,
Electrical resistivity of Er vs temperature.
Electrical resistivity of Tm vs teinpersture.

Electrical maistivity of Lu vs temperature

- The magnetic disorder contribution to the slscirical resistivity ve .

S(S¢i) and g:»msg for the heavy rare oarths, Gé& ‘é.@ ia.





