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I. IXRTRODUCTICI

The availability of pure rare eartih metals at tne Ames
Laboratory has resulted in an extensive and intensive program
of researcn aimed atl the acinievement of a better understanding
of the fundamental properties of these metals. A summary of
the experimental results up to 1956, based primarily on work
done on polycrystalline materials at tihe Ames Laboratory, has
been given by Spedding, et al. (1). The purvose of the
present investigation nas been to further tnis program of
researcn by studying tne low temperature magnetic and
electrical resistivity propertiies of single crystals of the
rare earth metal holmium.

The interesting properties of the rare earth metals are
a result of their unusual electror configuration. The electron
shells through the 4d are filled. The 5d1 and 6s2 electrons
serve as ccnduction electrons in the metal, anc tre filled 5s
and 5p shells serve as a screen for tne 4%f snell electrons
which arevreSpongible for tne wnigue magnetic ana electrical
resistivity properties.

Holmium, wrich occurs in the last half of the rare earth
group, has ten electrcns in the &f shell. The normal
spectroscopic state has been given by Van Vlieck (2) as 18'
The Landé g factor is 5/%, while S = 2, L =6, and J = €.

Rhodes (3) nas listed most of tne early measurements of

the properties of the rare eartihs wnich were made on salts



rather than pure metals. Joos (%) has pointed ocut the
differences wnich mav ocecur hetweer mesenromente on g2lte ond
on pure metal rare earths; consequently, only the latter work
on pure metals will be presented.

Herrmann, et al. (5) have determined the crystal structure
and lattice constants for nolmium at room temperature. They
found that the metal has the hexagonal close-packed structure.
Neutron diffraction measurements of hoenlerl nave snown no
change of crystal structure down to liquid helium temperatures.

Colvin, et al. (6) measured the electrical resistivity of
polyerystalline holmium from 1l.4°K to 300°k. Tne resistivity
versus temperature curve shnowed a change of slope at 19°K and
a small peask at 127°K. Their data are included in Figure 20
of this report.

Specific heat measurements from 12°K ﬁo 300°K on poly-
crystalline holmium by Gerstein, et al., (7) revealed two
anomalou. regions. A small peak occurred at 19.4°K, and a
mueh larger orne occurred at 131.6°K. The details of the curve
Just pelow tiie peair at 131.6°K nave not veen completely
determined, and socme irregularity exists in this regilon.

Measurements of thermoelectric power of polycrjstalline
rTare earth metals at temperatures from 70°K to 300°K nave peen

made by rorn (). GHe revorts tihat the grapol: of thermoelectric

-

licenler, w. C. Oak Ridge Xational Laboratory, Oai
Ridge, Tenn. Concerning neutrorn diffraction duia on holmium.
Private communication. (1960).



power versus temperature shows a sharp change in slope near
1307, DUl thal Tuaere is litile indlcation oi tne transition
near 20°Kk which was observed in resistivity and specific heat
measurements.

Rinodes, et al. (9) have measured tne magnetic properties
of polycrystalline nolmium from %.2°K to 300°K. Paramagnetic
and antiferromagnetic behnavior were observed, and the néel
temperature was estimated to be 133°K. Xemanance and
magnetic hysteresis were observed at 4.2°XK. A paramagnetic
Curie temperature of 859K and an effective paramagnetic EBohr
magneton number of 10.9 were determined. Tne approach of the
‘magnetic moment to saturation was observed to follbw a T3/2
law, and arn absolute saturation moment of 310 cgs units per
gram weas obtained.

Recent measurements on a series of rare eartn metal
samples have indicated that it is extremely difficult to
obtain truly polycrystalline samples, as tnie rare earth
metals tenrd to form solids raving a preferred direction of
crystal orientation. It is clearly guite difficult toc obtain
meaningful data from samples composed of crystals wiich are
partislly aligned. Results reported from measurements on
polycrystailine maierial should tiierefore be studied to
determine whether special efforts have been made to obtain
specimens having randomly oriented crystals. The degree of

success of these efforts and the effect which partial



orientation would have on the data should bs considered.

A program 1s bheing ecarried ont =2t this l-borgicor; <C
obtain single crystals of the rare earth metals and measure
their properties. Behrendt, et al. (10, 11) have measured the
magnetic properties of single crystals of the rare earth
metals neodymium and dysprosium, while Green, et al. (12)
have measured the magnetic and electrical resistivity

properties of single crystals of erbium. Kall, et al.
(13, 14) have made electrical resistivity measurements on
yttrium and dysprosium single crystals.

Measuremenlts on single crystals should give unigue sets
of data from which the benavior of polycrystalline samples
may be predicted by the use of suitable averaging processes.
Of greater importance, nowever, is the fact that single
crystal data are recuired for the development of more precise

theoretical explanations of the fundamental properties of

matter.



II. BASIC COKCEPYS AND LQUATIORNS

A. Magnetic Measurements

When a sample of material is placed in a magnetic field,
H, a magnetic moment per gram, o, results. The moment is
related to the applied field by the relationship

gy = (Xg)ijﬁj (2.1)
The magnetic susceptibility, Xg, 1s a tensor 1in anisotropic
substances sucl: as the nolmium single crystals used in thnis
investigation. Ieasurements of ¢ feor O directed along tine
a- and c-axes and the <1010> direction of the hexagonal
crystal (these are the principal directions) will give all
the terms of the susceptibility.

The sign, magnitude, and temperature variation of Lg may
be used to group the magnetic properties oif magterials into
three classifications:

(1) diamagnetism

(2) paramagnetism

(3) ferromarnetism, antiferromagnetism, ferrimaznetism
A review of tThe development oi the treory oif magnetism has
been given by Varn Vlieck (1%5).

Xg is negative, small anada neurly temperature independent
for diamagnetism. All atcms or ions having closed elecirornic
sitells exnibit a diamagretic term in their total suscepti-
bility [éee Delkker (16), p. 45;]. The dilamagnetic suscepti-

bility of the free electrons of metals is discussed by



Wilson (17, p. 160).

X is positive, small and sien=21lw ftemvcerciurc dopendent
for paramagnetism. Permanent magnetic dipoles exist in
paramagnetic materials, and the magnetic moment per gram, o,
results from the partial alignment of the dipoles with the
applied magnetic field.

Many metals display a weak paramagnetism wnich is due to
their concuction electrons. Conduction electrons, because
of their spin, hkave a permanlent magnetic moment of very close
to one Bonr mazneton. The Bohr magneton, /“B’ is defined as

a: :fﬁrxl?c" | (2.2)
where e is the electroric charge, m is the electronic mass, c¢
is the velocity of light, and h i1s Planck's constant. The
paramagnetic contribution of conduction electrons to the
susceptibility is properly calculated uSiug rermi-Dirac
statistics. Ordinary classical statistics leads to a value
whicn is too high. The correct statistical treatment gives a
paramagnetic teriz which 1is genierally gquite small and nearly
temperature independent. Wilson (17, p. 150) discusses this
tern aind shows that it 1s apusroxizately tinree times as large
as the Giamagnetic contribution of nearly free conduction
electrons.

Substances exnibiting strong caramagunetism :ave ions with
permanent magnetic moments. Zxperimentally, the mazinetic

susceptibllity for this case follows tne Curie law,
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Xg = Cg, or the Curie-Weiss law, Xg = Cg y where Cg is the
T T-On

Curie constant per gram, ©p is tne paramagnetic Curie temper-
ature and T is the absolute temperature.

The magnetic susceptibilities for substances with the
properties listed in group three are positive, often large,
and are field as well as temperature dependent. The permanent
magnetic moments of these substances are linked by relatiﬁely
strong interactions whicn will be discussed later.

According tc gquantum theory, the permanent magnetic
woments of paramagnetic ions are due to the existence of a
nonzero value of the total angular momentum, J, in the ground
state. There are 2J + 1 possible components, my, of the
magnetic moment per atom along the direction of an applied
field: .

my = Mggpmp where My = J, (J=1)y cosey
-(J-1), -J. (2.3)
My 1s the magnetic quantum rumber, M B is the Bohr magneton,
and g is the Landé g factor

g =1+ J (J+1) - L (L+1) + 5 (S+1) . (2.4)
2d (J+1)

For a substance having “o ions per gram, which is placed
A

in a magnetic field H, the application of statistical
wmechanics gives a resultant magnetic moment per gram, o,

expressed by



o = Vo8 JM g B(x), (2.5)
—= HB B3
where x = gJ[ﬂBH, No is Avogadro's number, 4 is the atomic
KT

weight, and B;(x) is the sSrillouin function defined by

By(x) = 2J+1 coth [(234-12;3_ 1 coth[g_(__]. (2.6)
2J 23 27 23

For high temperatures and low fields where x << 1, Equation

2.4 may be written as

- 8. (J+1)g2M  H (2.7)
° K 35T 5=
or g =X, = NoJ (5+1)gu 52 (2.8)
H & A 3KT

—

Thls is seen to be the Curie law with the Curie coastant, Cg,.
given by

- NJ (J+1) g%ﬁle . (2.9)
A3K

In order to explain the behavior of ferromagnetic

m

substances, which follow the Curie-Weiss law at sufficiently
high femperatures and show cooperative effects at lower
temperatures, Weiss (18) prbposed that the molecular magnetic
field acting on a given dipole moment is actually
By =HE+ ¥o . (2.10)

K is the applied field, o 1is the magnetic moment per gram, and
¥ 1is a molecular field constant.

The calculations of Welss were made using the classical
theory of Langevin (19) which considered freely rotating

dipoles. The concept of thne molecular field may bve used

egually as well in guantum theory. Wnen onec substitutes



Equation 2.10 into Byuation 2.7 and solves for g , the
H
following result is obtained:
c =Xy = Cg . (2.11)

H T-Op
This is seen to be the Curie-Weiss law. In this equation ep,
the paramagnetic Curie temperature, equals ¥ Cg; and

Ce = Jo 3 (J+1) g2uyg? (2.12)
PA3K/‘B |

which is the same as Equation 2.9.

The effective paramagnetic moment is defined as
=g [7 +1)]¥2 (2.13)

It represents the total magnetic moment per icn asscciated
with J and 1s expressed in Bohr magnetons. Upon substituting
Equation 2.13 into Equation 2.12 and solving for/x:eff, one
obtains
1/2 —
ﬂeff = 3I\AC /‘B = 2.83 ACg 3 (2.1“‘)
I\Io/usé

The value of the saturation magnetization for a ferro-
magnetic substance may be obtained from Equation 2.5 by
consldering the limit of large H. In this case By(x) —» 1 and

T

N

sa 7 /JD

g

H

or l‘n‘eff = g J . (2016)
Neff is the number of Bohr magnetons contributed by each ion
to the saturation magnetization.

A discussion, based on the Weiss mol:cuvlar field, of the
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spontaneous magnetization which appears in ferromagnetic

1

Swen hiw Noal-lramn
oI DJ JexZel

T

. - - -

sithstances helow the :mrie femperature ic
(16, p. L466).

Estimations of the required magnitude of the Weiss
molecular field show that its origin cannot be found in
ordinary magnetic dipcle-dipole interactions. Heisenberg
(20) showed that the large molecular fiela could be explained
in terms of the electrostatic interaction between‘electrons
of different ions. This so-called exchange interaction
petween two atoms, i1 and j, may be represented in the poten-
tial energy as a direct coupling between total svins by a
ternm |

-

-
Vi, = =2 J;5 S S

ij ij “i %) (2.17)

wlte

where Jij‘is thevexchange integral for the two atoms, and S;
and"S.j are the total spin angular momentum vectors for atoms
i and j. Clearly, in order for the coupling between the
spins to be ferrcmagnetic, the sign of tne exchange integral
must be positive.

The ieisenberz ilneory of ferromagcnetism 1s seen to be
based upon a description of localized spins and atomic-type
wave functions. Criticism has been raised that tinis could
not represent the true conditions in a metal, and Wilson
(17, p. 162) discusses tre band thecry cf ferromagnetism as
presented by Stoner (21). &n important result of Storer's

treatment is the prediction that the approach of tiue magnetic
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moment to saturation will be proportional to T2, Because the
+f suell of ULite rare eartns is well snlelded Dy outer Iilled
shells, however, a treatment of the magnetic properties in
terms of localized spins as in the Heisenberg theory seems to
be more appropriate.

A substance which nas an antiferromagnetic state is
characterized by a magnetic susceptitbility wnich has a peak
at some temperature called the Neel point. A4t temperatures
above the N€el point, the substance benaves paramagneticelly,
witih the susceptibility following the Curie-Weiss law. opelow
the Néel point, the ionic magnetic moments are coupled so that
the susceptibility is reduced. For rare eartiis, a transition
from antiferrcmagnetic to ferromagnetic ordering oiten occurs
av some lower temperature.

The theory of antiferrcmagnetism is usually based on a
model wiitich requires that tne ionic magnetic moments tend to
orient themselves antiparailel to one another. It can e
seen from _-quation 2.16 that a nezative exchange integral

rnis typve of antiierromagnetic alignment. A

ct

would lead tc
substance 1is tnen ferrcmagnetic cr antiferromagnetic derending
on wnether tne exchange ir.tegral is positive or negative.
Zener (22) nas suzgested that é ciiange from a ferro-
magnetic to an antiferromagnetic state need not reguire a
charge in tire sign of the exchange integral, nowever. =e

postulates two competing exchange forces. The 4 snells of
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adjacent lons are coupled directly by én antiferromagnetic
exchange. They are also courled by an anviferrowagnetic
exchange to the spins of the conduction electrons. The ion-
conduction electron coupling leads to an indirect ferromag-
netic coupling between the scins of the ions. The substance
will then be ferromagnetic or antiferromagnetic depending upon
which type of coupling is stronger.

Kasuya (23), in a spin wave treatment, has used Zener's
concept of interaction between incomplete inner shell elec-
trons and conduction electrons to explain the appeaTance of
ferromagnetic and antiferromagnetic behavior in rare eartns.
In his treatment the conduction electrons are treated as
nearly free electrons having Eloch type wave functions, whilg
the 4f electrons are considered as localized and having non-
overlapping atomic type wave functicns. Direct interactiocons
between unfilled shell electrons are thus disregarded. hasuya
obtains a T3/2 law for the temperature deperdence of the
approach of the magnetic moment to saturation as did Bloch
(2%), who tirst appliec the spin vwave trheory to the treatment
ol 1erromagnetism. 1t 1s important to notice that Kasuya
alsregaraed the corntribution of the orbital angular momentum
to the magnetization, so that his results Lhold best for
gadolinium for which L = 0. Also, his treatment of
antiferromagnetism considered the usual model in which the

crystal lattice i1s divided into two equivalent sublattices.
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The spins in eacn sublattice are parallel, but the magnetiza-
tions of the two subhlattices zre antiparollcl.

De Gennes (25) nas considered the same type of coupling
between magnetic spins and the conduction electrons. ke
shiows that the paramagnetic Curie point should vary as
(g - 1)23(J + 1) for the heavy rare eartns. leither kasuya
nor de Gennes considers single crystals and tne effects of
anisotropy. Niira (26), in a spin-wave calculation, has
siiown that the T2 dependence of the magnetization of single
crystals of dysprosium at low teuperatures wnlcir was reported
by Behrendt, et al. (11l) may be attributed to the magnetic
anisotropy.

Liu, et al. (27) discussed tiie arntiferromagnetic behavior
of dysprosium in terms of the molecular field tneory. The
type of antiferromaznetic ordering upon w:iicn tneir treatment
is based i1s the same as ti.al used Dy hasuya.

Kecently, the concept cf the nelical spin structure has
beer discussed theoretically by Yoshinori (28), Villain (29),
‘and noehler (30). Ileutro:s cifiraction data of herpin and
lleriel (31) have indicated tne existence oi tih.e heliczl spin
arrangement in kniu,, wnile Cable, et al. (32) have inter-
preted data from neutron daiifraction measurements on single
crystals ol nolmium, dysprcsium, anc erbium as resulting from
& helical spin arrangement where tre maynetic moments are

parallel witain each nexzagonal layer but rotate vy arn angle w
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per layer in successive planes along the C axis. The angle of
i10n LCUWCCii SulCessive layels valles continuously irom

50° per layer at 120°K to 36° per layer near 35°K. The angle

of 36° remains constant down tc near 20°x.

B. Resistivity leasurements

Great advances in the theoretical interpretation of
electrical properties of metals have been made since the
discovery of the electiron oy J. J. Thomson in 1&97, and many
of tne important features of ine electrical resistivities of
metals, especially the group I metals, are rather well
explained. AAcomplete description of the basic theory of
electron transport processes as developed by Sommerfeld,
bloch, and others is given by Wilscn (17), winile bardeein (33)
nas given an excellent summary of  tihe historical development
of the thecry up to 1940. The tnebretical(interpretation of
experimental data becomes more difficult and incomnplete when
the trunsitior. metals, the rare earths, and other polyvalent
metals are considered.

All moderrn thnecries of the motion of electrical charges
tnrougn a metal consider thie passage of electrons throughi a
more or less ordered array cf atoms. It has beer s:owii by
Bloch (34%) aic Jones (35), among otners [éee Dekker (16,
chapter 10) for a si.plified treatment] that a perfect etal
crystal naving no impurities and o motion of trne atoms from

their ecuilibrium positions will present a perfectly periodic
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potential to the electron wave and will offer no resistance to
itsc passage. R[esisvance 15 Que ouly o luwperiecilons in the
periodicity of the potential. These imperfections arise from
thermal vibration cof the atoms from their equilibrium
positions, (phonon scattering); averiodicity of tine magnetic
monents associated with some ions, (magnon scattering), and
other crystal imperfections which are classed as defects.
These include foreign atoms, lattice defects, boundaries, and
the presence of more than one isotope of the atoms.

According to Matthiessen's rule (36), the resistivity of
a metal is separable intc an ideal part, ,pi(T), wnich is
Temperature dependent and cnaracteristic of the pure metel,
and a residual part, /oress whicn is temperature independent
and is due to the defects discussed previously.

P= Pres + PilT) (2.18)
lMatthiessen's rule 1s only approximately true, and deviations
from it have been discussed by lacDonald (37) and Gerritsen
(36). However, the temperature variation of _Ppeg is small
compared tc tne value of Pn,q so that its te.perature varia-
tion 1s significant only when tre ideal and residual resist-
ivities are cf the same order of magnitude.

The two coentributions to ,pi(T) are seen tc be phonorn,
Pphy ard magnon,‘ﬁhag, resistivity. If onc assumes that
these guantities auproach zero zs the absolute temperature

approaches zero, the residual resistivity, _FPreg, may be
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determined by measuring the resistivity of a sample at very
Llow Temperatures wnere tne total resistivity, P, becomes
constant.

For most metals, there is no magnon contribution to the
resistivity; and the major contribution to P;(I) comes from
the thermal vibration of the latitice througi pnonon-electron
interactions. The most commonly used formula for the
temperature dependence of the phonon resistivity was
developed semi-empirically by Gruneilson (39) and later
obtained from theoretical considerations by :-loch (40). A
development of the theory is also given by Wilson (18). The

formula can be expressed as

6
(T) = A[T)? T 5 ( )
= A(T a = 4/TVYF/6)(2.19
on (5) . (X1 (1e™) (‘5)5 (’f}

Where A is a constant characteristic of the metal and T is the

absolute temperature. A fair approximation of € is often
given by the Debye & for specific heat. The general proper-
ties of tinie integrzl in Eguation 2.19 have been discussed by
Sondheimer (41) and by Wilson (18, p. 335). Limiting expres-
sions for tne integrzl at nigh and low temperstures may ce

obtained by the fcllowing methods.

s
% << 13 F(%) ://,l (x3 - 52 + ...) dX =
0

(2.20)
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=124,k (2.21)
Applying these resultis to Equation 2.1¢, one sees that at low
temperatures P ; is proportional to T2, while at high
temperatures 4Pph is proportional to T.

Equation 2.19 has been found to zive a gcod description
of the experimental data of many metals, especially tnose of
group I; but it 1is often necessary to use values of © which
are guite differ.nt from those which fit specific heat data.

4 discussion of © values for the resistance of metals has
been given by Blackman (42). MacDonald and iendelssonn (43)
have made detailed measurements of the electrical resistivity
of alkall metals at low temperatures, and they treat
deviations from Ecuation 2.19 by corsidering © as a function
of T. For many metals, especially tnose of group I, © is a
slowly varying function of T; and Equation 2.19 gives a
useful interpretation of the data. rowever, for other metals,
for example the transition metals, ©(T) varies so widely that
calculations based con Egquation 2.19 are meaningless and
explanations of the phenomena involved must be sougit along
other lines.

rott (44+), in considerirg the relatively high resistivity
of the transition elements, proposed a two-band rcdel where

most cf the current is carried by almost-free s-band electrons.
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These electrons may be scattered by phonons into holes in tne
Q=-walld wilicil Las a mucn tower rermi velocity so that an
increase in resistivity resuits from the transition. Since
the d-electrons are responsible for the magnetic properties
of the tr:usition metals, Mott also considered the efiects of
mazgnetic ordering upon the s-d interaction. Using this inter-
action concept, Wilson (45) showed that the s-d interaction
would give'an additional contribution to /Oph of BEcuation 2
that would vary as 73 at low temperatures. iowever, Ziman
(46) has commented that lack of knowledge of the actual shape
of the Fermi surface makes it impossible to arrive at the
exact power law for the resistivity. WwWnite and Woods (47)
nave measured the electrical resistivity of transition ele-
ments from 295°K to 10°K, and at low temperatures they find
that p; o T® where m ranges from 3 to 5.

Anomalous effects in the resistivities of ferromagnetic
and antiferromagnetic materials have been attributed to spin-
wave or magnon scattering of conduction electrons. Kasuya
(48) and de Gernes and Friedel (49) have assumed that the
coniribution of megnon scattering to the resistivity, /Omag’
is additive to the contributions of phonon scattering, P oh
and the imgurity scattering, /Dres’ so that

P = Pres * fpon * Pmag * (2.22)

The contripbution of magnon scattering to the electrical

resistivity can be larger thar the ccntrivution of phoion
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scattering at ordinary temperatures. At low temperatures the
atomic moments are all aligned so that j&ag goes 10 zero,
while at temperatures above the highest magnetic ordering
temperature the spins are randomly oriented and 'fgag is
constant.

Electrical resistivity measurements on nickel and iron
have given low temperature variations of -fﬁag whiich agree
witih formulas having terms in T, T2 and T3 (50, 51). The T
term is attributed tc magnon scattering.

Kasuya, in discussing the rare earthns, has stated that
the anomalous resistance is not due to the type of s-d
interaction proposed by liott where an s-band ard d-band
transition is consider:d. He states:

"The resistance caused by this process should

be nearly proportional to the absclute temperature

in high temperatures because this process occurs

through: the interaction with phonons. Such a

temperature dependence, nowever, does not seem to

explain the experimental facts of the anomalous
electrical resistance. It rather corresponds to

the normal one."

Tne papers of Kasuya and de Cennes and rriedel consider
thne conduction electrons (s-electrons for the transition
metals and s- and d-electrcns for the rare eartns) as nearly
free as in iott's description, while the inner shell electrons
(d-electrors for the transition metals and f-electrons for
the rare eartihns) are localized and correspord to the

fHelsenberg model of ferromagnetism. Since the magznetic

properties of the rare earths are best described in terms of
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localized magnetic moments, this model for tne anomalous
resisiiviiy seems qQuite plausiple. 1T snoula pe noted,
however, that neither development takes intc consideration
the contribution of the orbital moment, so that the results
are strictly applicable only to the case of gadolinium which
nas no orbital momerit.

The possible anisotropy of electrical resistivity due to
the lattice structure of the crystzl nas been considered by
Boas and liackenzie (52) and. by Baroody (53). boas and
liackenzie snowed that for a hexagonal crystal there would be
no anisotropy in the pasal plane for any property which
represents a linear relationship between two vectors. The
conductivity is the property which relates the current vector
and the a?plied electric field vector. Therefcre when the
relation is linear, the ccnductivity and the resistivity
should be isotropic in the vasal plane. Sirnce the magnetic
susceptibility also gives the relationship between two vectors,
magnetic anisotropy snould appnear in the lLasal plane only when
the relationsniy is no longer a linear one.

Tne tregtiments given alove nave not considered the
magnetic couitribution to the anisotropy, however, and the
results of rare earth single crystzl meacurements indicate

that this is the most important effect.
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IIT1. MATERIALS TESTED

- A. Preparation of Single Crystals

Holmium has the hexagonal close-packed structure. 1In
order that its electrical and magnetic properties might be
investigated in the principal crystalline directions, it was
neccssary to prepare single crystals oriented along the c-axis,
along the a-axis, and in a direction halfway between two
a-axes in the basal plane which, in accordance with standard
crystallographic notation, is called the <1010) direction.

The distilled holmium metal from which the cingle crystals
were grown was prepared at this laboratory by use of the ion
exchange process for the separation of the rare earth
compounds (54%) and a reduction process for the preparation of
the very pure metal from the flouride (55).

Single crystals were grown from the pure metal by means
of a strain-anneal method which has been described by Hall,
et al. (1%). The crystals were prepared in cooperation with
narold Nigh, a member of Experimental Physics Group II of the
Ames Laboratory. An arc-melted button approximately 0.8 cm
thick, 3.1 cm in diameter, and weighing 43.3 gm was prepared.
The button was cut into three pieces in order to obtain
samples which would fit into the annealing furnace previously
described by Behrendt (56). Two of the pieces were carefully
polished and then annealed separately in an argon atmosphere.

The piece from which the a- and c-axis samples were obtained
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was annealed for twelve hours at 1320°C, while the piece from
wihicn the < 1010y crystal was obTained was annealed 1or
twenty-one. hours at 1340°C. The resulting specimens each
contained one large grain from which samples could be cut and
several smaller ones. The grain structure was clearly visible
on both pieces due to the thermal etching of the material, so
that the orientation of the crystals and their extent were
determined without cnemical etching by back reflection Laue
X-ray diffraction methods described by Greninger (57). It is
felt that the arc-melting of the material and the sutsequent
extremely rapid cooling of the button when the electric arc
is broken are essential to the growth technique, as attempts
to grow single crystals by annealing cast samples of holmium
were completely unsuccessful.

Three single crystals of different orientations were
rough-cut from the annealed pieces witn a jeweler's saw and
then polished with emery paper into tneir final shape which
was that of a rectangular parallelepiped. In order to remove
any strain effects resulting from the process of sawing, at
least one millimeter of material was removed from each face
of the sample in the polishing operation. The a-axis crystal
had dimensions of 1l.1% mm by 0.95 mm by 10.5 mm and mass of
100.6 mg. The {1010) crystal had dimensions of 1.036 mm by
1.03 mm by 9.02 mm and mass 82.1& mg, and the c-axis had

dimensions of 1,02 mm by O.9% mm by 9.8 mm and mass of 82.40
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mg. For each crystal the respective crystalline axis is

parallel L0 wile loag Qluension ol Cue Crystadle

B. Purity

Pieces of the annealed material cut from positions
adjacent to the single crystals used in this work were
examined spectrographically. The material was also analyzed
prior to arc-melting.

The analysis of the material before it was arc-melted
showed: Dy < 0.04%; Er < 0.01%; Tm < 0.01%; Ca < 0.05%;

Fe < 0.01%; Si < 0.02%; Ta < 0.1%; C, 73 ppm; Iy 93 ppm. The
carbon and nitrogen impurities were determined by analytical
chemistry. The other determinations were made by spectro-
graphic analysis. .Since holmium 1s quite volatile, it ﬁas
not possible to determine the oxygen content by the usual
vacuum fuslon analysis method.

The spectrographic analysis of the portion of the arc-
melted button from which the a- and c-axis crystals were cut
sihiowed: Y < 0.01%3; Dy < 0.04%3; Er, 0.06%; Tm, 0.02%;

Ca < 0.03%; Cr < 0.005%; iig < 0.005%; Fe, 0.005%; 4l, B, Mg,
Nd, Ni, Pb, Pr, Sc, Si, Sm, Ta, Tb, W, Yb, not detectedj; Cu,
very weak. |

The spectrographic analysis of the separately annealed
portion of the arc melted button from which the (1010> crystal
was cut skowed: Y < 0.01%; Dy < 0.0%%; Er < 0.02%; Tm, 0.01%;

Cr < 0.005%; Mg < 0.005%3; Fe < 0.005%; Al, &, Ca, Ce, Co, Bu,



ok

Gd, La, Lu, Mg, Nd, Ni, PD, Pr, Sc, Si, Sm, Ta, Tb, W, Yb,

not detected: cu, faint trgc

-~ ~
AN @
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VI. EXPERIMENTAL PROCEDURE

A. lMethod of hagnetic leasurements
Magnetic measurements were made using a standard version
of the Faraday method (56). The magnetic material of mass m
was placed in a non-uniform, horizontal magnetic field, H,

winichh had a constant gradient, Q—% in the vertical direction.

d
A magnetic moment per gram, oyp, which is a function of
magnetic field and temperature, was induced in the sample;
and a magnetic force acting verticslly, F, was exerted on the
sample.
H-

F=no a E .
HﬁT d z (.1)

The magnetic force on the sample was measured by an
analytical balance as an apparent change in sample mass, A,
so that AMg = F, where g is the gravitational constunt. The

force equation can be rewritten

=
tlH o

(k.2)

o7
N

Since the sample holder was also slightly magnetic, it
was necessary to make a set of calibration me:.surements over
the temperatur.: range from 1l.4%°k to 300°K using only the
empty sample holder. These correction values were used to
determine the magnetic force due to the sample alone.

The internal magnetic field acting on thne magnetic ions
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is dependent upon the shape of the sample and is given by

H = Hext - & og,r d (4e3)
where d is the density of the material, Hyyt 1s the external
field, and II is the demagnetizing factor. It is possible to
calculate exact values of N only for ellipsoids; ard since
the samples used in this investigation were rectangular
parallelepipeds, it was necessary to use approximations
described by Thcburn (59). These approximaiions are based
on values given by zozorth (60) which snow that the demag-
netizing factor for a cylinder is somewhat less than thaﬁ
for an ellipsoid having the same aspect ratio (length :
diameter). The demagnetizing factors for samples used in
tizis investigation were all near 2.0 and the maximum field
correction was 6£0 ocersteds w:.ich was subtracted from an
external field of 18,000 oersteds. |

The raw date were obtained as a set of isotner:mns.

Measurements of tne apparent increase ir sample welght were
mede at a series of values of increasing magnetic field. Some
data were also taken with decreasing fields in orcer thzt the
magnetic nysteresis of the sample could be determined. The
sample wa:s annealed petweern isotherms by ralsing its tempera-
ture to at least 50°K. In fact, the a:nealing temperature for
many of the low temperature isdtherms was r.ear 300¢.. The
temperature tc wnich the sample was raised prior to eacu set

of isothermal measurements is given with the experimental
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results in Appendix A.

-

Values of o0.- m were obtained from the raw dats  ond
.L.L,.L
isothermal curves of oy g Versus H were plotted. From
-2
these curves, values were obtained for isofield plots of

OH’T versus T.

B. Apparatus for Magnetic leasurements

The 20 kw Weiss-type magnet used in this investigation
was designed by Elliott (61) and modified by Thnoburn (59%).
Pole pieces of the Sucksmith type provided a uniform vertical
field gradient which could be varied from O to 550 oersteds/cm
while the field varied from O to 1&,000 oersteds.

A metal cryostat somewhat similar tc one described by
Henry and Dolecek (62) was designed for tuis work. A modified
version of the neat leak chamber described by Anderson, et al.
(63) was used asvthe basis for a temperature corntrol system
with wkich it was possible to maintain tne temperature of the

sample at any desired value from 1.4°K to 300°K.

-

Figure 1 shows tne complete dewar system, while Figure 2
displays the details of the tail assembly of the dewar. A
modified Voland "speedigram" analytical balance, readirng to
511 mg, was used for measuring tne forces exerted on the
samples. The left hand van of the balance was replaced by a
long rigid quartz suspension rod which was terminated with the

sample holder snown in Figure 2. A swivel at the top cof the

rod made it possible tc rotate the sample holder for correct



Figure 1. Cryogenic system for magnetic measurements,
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Figure 2. Details of the tail assembly of the dewar.
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alignment of the sample.

'ne balance was enclioseda by an eigunieen inclhi glass bell
jar, and tre rotary controls of the balance were passed out of
the bell jar through o-ring seals in the base plate. After
the system was flushed with helium gas and then evacuated to
less than one micron, helium exchange gas at a pressure of
800 to 1000 microns was introduced into the bell jar and the
connecting sample chamber. This amount of exchange gas
insured that the sample was in good thermal contact witn the
walls of the sample chamber,

In order that the closest possible spacing of the magnet
pole pieces, and hence the maximum possible magnetic fields,
could be obtained, the dewar was designed so that there was
no refrigerating liquid in the tail assembly. A copper tube
A (see Figure 2) in thermal contact with the cuter liguid
nitrogen chamber served as a radiation shield around an inner
copper tube B which exterded into the inner liquid chamber.
This chamber could pe filled with licuid nitrogen or liquid
helium. 4 thir-walled non-magnetic stainless steel tube of
the same diameter as tube B was silver-soldered to tube B and
passed out of tle inner liguid chamber through an o-ring seal
at the top of the dewar. because oi its high thermal
conductivity, the entir: length of the copper tube b remained
essentially at the temperature of the inner liguid bath.

A third tube C consisting of a long thin-walled
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non-magnetic stainless steel tube with a copper tube silver-
soldered to 1Ts lower end was inserted into tucve B. Thermal
contact was established between the stainless steel portion

ho)

of tube C and the copper tube B by copper spring contacts
positioned as shown in Figure 2.

Temperatures above the ligquid vatnh temperature were
optained by evacuating the space between Tubes b and C to
less than one micron and using the nheater wound on thie copper
portion of tube C to set up a temperature gradient along the
section of tne stainless steel tube retween the neater and
the copper spring contacts. The copper contacts were
positioned so that temperatures near 50°K could be maintained
with a liquid helium bath by a heat input of approximately
0.1 watt. |

Temperatures below the normal liguid helium bath
temperature were obtained by introducinrg a helium exchange
gas at a pressure of about 200 microns into the space
between tubes b and C and reducing tre pressure avove tne
liguid coolant with a large capacity vacuum pump to lower the
bath temperature and consequently tke temperature of tubes b
and C. The pressure apove the liquid helium bath was measured
with mercury and butyl phtralate manometers.

Temperatures from 1.3°K to avove 80°K could wve
obtained with liquid helium, although the temperature range

from 50°K to 77.4°K was usually covered by pumping on liquid
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nitrogen. Temperatures from 77.4° to 300° were obtained
through use of the heat leak chamber and liguid nitrogen.

An automatic temperature contrecl system was used for all
temperatures above 4.2°K. In order that satisfactory sensi-
tivity might be obtained over the entire temperature range
from 4,2°K to 300°K, two temperature sensing elements whose
resistances are temperaﬁure dependent were used. A 51 ohm
nominal resistance Allen Eradley carbon composition thermom-
eter fastened to the bottom of tube C was used in the range
from E;2°K to 35°K. 4 length ofvcopper wire having a room
temperature resistance of 100 ohms was wound on top of the
heater and was used in the range from 35°K to 300°K. Either
element served as one arm of a Wheatstone bridge. Another
arm ccnsisted of a variable resistor which could te adjusted
over the entire range of resistance values that the sensing
element wo.ld assume. The other two arms were fixed resistors
of equal value. after calibration, any temperature could be
selected by adjusting the variable resistor to the resistance
value that the sensing element would assume at the desired
temperature. The unbalance of the bridge was amplified and
used to operate a rclay system which supplied current to the
heater in an on-off or a maximum-minimum type of variatior..
When a stable temperature was established, the bridge
oscillated about a balance point with current being pulsed

to the heater. This oscillation was so swmall, however, that
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it was possible to limit sample temperature variation to
+ 0.05°K or pettler over the entire temperature ranges

Sample temperatures were measured by the thermometer,
consisting of a thermocouple, a carbon resistor, and a coil
of tantalum wire, shown in Figure 2, which was located below
trhe sample position in the sample chamber. It was impossible
to mount the thermometer or. the sample holder since this
would lower the precision of the analytical balance. A
copper-constantan thermocouple served as the primary thermom-
eter from 4.2°9K to 300°K. It was tested initially at helium
and nitrogen bath temperatures, and the differences in emf
from the values of a much more extensively calibrated
thermocouple taken ffom the same spools of wire were used to
establish a calibration. The 4%.2°K calibration check point
was redetermined during each helium liquid run and suitable
corrections were made. A length of tantalum wire wound on
the carbon resistor served as a fixed temperature point at
low temperatures. Its superconducting transition temperature
was independently determined to be 4.38°K. Temperatures from
1.3°K to 20°K could be measured with the previously calibrated
carbon resistor which could also be checxed during each run
at 4.38°K. An additional measure of temperatures below L4.2°K
could be made by assuming that the sample and the liquid bath
were at the same temperature. Liquid bath temperatures were

determined by measuring the pressure above the bath with



manometers mentioned previously and converting these pressure
values TO corresponalng temperatures. 1ne Temperature
difference between sample and bath at L4.2°k was determined

to be less than 0.02°K,

A determination of the correspcndence of sample tempera-
ture to thermomeler temperature was mace. A small coil of
tantalum wire and a ticermocouple were fastened in the sample
holder at the sample position. The temberature was adjusted
until the tantalum coil on the thermometer was just super-
conducting. The temperature was then increased until the
tantalum ccill in the sample holder went superconducting. The
temperature differ:nce was measured by the carbon resistance
thermometer., The difference was less than 0.02°h. The
thermocouple, which had been calibrated against a platinum
resistance tnermometer at liquid nitrogen temperature, was
used to check the temperature difference at 7&°n. The
difierence between the two thermocouples was witnin tne error
of calibration. CSaumple temperatures are therefore believed
correct to one-half degree avove 4.2°h and to zbout 0.1°K
below 4.20%h.

It has Dpeer. estaplished that it 1s not possible to design
a field configuration wnicii will give both weighing stability
and norizontal stability simultaneously. A sample centerinug
method described by Tioburn (59) and described as a "wiggler"

was modified as shown in Figure 2. Silk tnreads were used to
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transmit power to the wiggler from outside the dewar. The
upper end of one thread was fastened to the rim of a variable
speed disc sco that rotary motion could be changed to transla-
tory motion. The upper end of the other thread was fastened
to a tension spring which provided the necessary restoring
force.

Single crystal samples ténd to turn so as to align cer-
tain preferred directions along any applied magnctic field.
In order to make measurements with the field applied along
the c-axis for temperatures vpelow 509K, it was found»neces—
sary to use a set of four centering crnains fastened to flat
vanes in the upper end cf the rigid quartz rod supporting the
sample holder. This system has been described by behrendt
(56). With this system, the balance was not so sensitive as
before, but measurements of weight could be made to within

one per cent.

C. lMethod and Apparatus for Electrical
Resistivity Measurements
Electrical resistivity measurements from L4.2°K to 300°K

were also made on the three holmium single crystals. The
resistance of each sample was determined by measuring the
pétgntial drop across the sample and the current passing
through the sample. The current, I, was measured by measuring
tne potential drop across a standard resistance placed in

series with the sample. The effects of thermal emfs produced
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by local heatiﬁg at pecints of contact resistance were
cancelled by measuring tne potential drops ﬁith the current
passing through the sample in first one direction and then
in the opposite direction. The average of the two values, V,
was used in further calculations.

Resistivity values were determined by use of the
equation

.V .
P = : % (4+.4)

where A 1s the cross-sectional area and 1 is the distance
between potential probes, or effective length of the sample.

The dimensions of the samples were measured with a
traveling microscope. veterminations of width were made at
three approximately equidistant positions on each face of the
samples. Six measurements were made at each position. The
effective length of the sample was determined -by measuring
the distance between the narrow ianpressions left by tae
razor-blade edges of the potential contacts.

The residual resistivity for each samnple was determined
by extrapolation of the low temperature resistivity values to
zero degrees kelvin., The value obtained was taen subtracted
from the experimentally determined resistivity, and the result
was plotted as a function of temperature.

Electrical resistivity measurements were made in a
cryosiat described by Colvin, et al. (6). Temperatures were

measured witn a copper-constantan thermocouple and controlled
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by the automatic temperature controller described in the
section on magnetic measurements. The thermocouple was
calibrated at the beginning of each series of measurements
at liquid helium temperatures. With no power being supplied
to the sample or the heat leak chamber, and with nelium
exchange gas at several millimeters of mercury pressure
giving good thermal contact with the liquid helium, the
reading of the thermocouple at temperature eguilibrium was
ascertained, and this was assumed to re its value at 4.2°9%.
Temperatures were considered accurate to one-half degree.

Liguid helium was used to obtain temperatﬁres from 4.2°9K
to 100°K. Liguid nitrogen was used to cover the temperature
range from &C°x to 300°K.

A modified four-probe sample holder shown in Figure 3
was constructed for malting resistivity measurements on the
samples previously used in magnetic measurements. The
potential vrobes (P) consisted of swmall bits of razor blades

apprroximately 2 mm sgrare soldered tn brass screws wnhich were
mounted in a red fiber positiocning strip. Thwe sharp edges

of the razor vplades gave extremely narrow contact iines for
the potential measurement. Fhosphor bronze spring contacts
(C) were used for current probes at the ends of the sample.
The thermocouple (T.C.) was positioned in the sample holder
so that it was separated from the sample by only z thin piece

of tissue paper. A copper band (b) neld tre potential prcbes

in contact with the sample.



Figure 3.

Sample holder for the electrical resistivity measurements,
B. Band wnich held potential contacts to sample

C. Current contacts

P. Potential contacts

T.C. Copper~-constantan thermocouple
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V. RESULTS

A. Magnetic Measurements; a-axis Crystal

Isothermal measurements of the magnetic moment per gram,
d, of the a-axis crystal were made as a function of magnetic
field at temperatures from 1.8°K to 296.8°K. All measurements
above 77°K were taken with the basal plane of the sample
placed in a horizontal position. After these higher tempera-
ture measurements were completed, the low témperature
measurementis were begun. It was observed, however, that
for an isotherm of 4.2°K and at magnetic fields above 12,000
oersteds, the crystal turned so that the(ldiO)direction was
aligned witn the field. The crystal was then reoriented in
the sample holder so that the basal plane was vertical and
the a- and c-axes were in a horizontal plane. All measure-
ments below 77°K were made with tnis ecrystal orientation
except for a measurement at 30°K which will be discussed
later.

The data are presented as isotherms in Figures &, 5, 6,
and 7. Isofield curves where the magnetic moment per gram is
plotted versus temperature for several constant magnetic
fields were obtained from these isotherm curves and are given
in Figures 8 and 9. Firfure ¢ shows the detail of a iéel
point which 1s seen to be field dependent. Its value
extrapolated to zero magnetic field is 132°K.

The anomalous vehavior of the magnetic moment in the



Figure 4, Isotherms for the a~axis crystal from 127.4°K to room temperature.
The 127.4°K and 130,4°K isotherms shiow the effect of the magnetic
field upon the NéEel point.
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Figure 5, Isotherms for the a-axis crystal in the antiferromagnetic region
near the Néel point,
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Figure 6. An expanded plot of the low moment portions of isotherms for the
a-axis crystal below 109.4°K,
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Figure 7. 1Isotherms for the a-axis crystal in the antiferromagnetic and
ferromagnetic regions. Dashed lines and square data points show
isotherms taken with decreasing fields.
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Figure 8., Isofield curves for the a-axis crystal. The inset shows the small
peak which occurred at 20°.
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Figure 9. An expanded plot of the isofield curves for the a-axis crystal in
the neighborhood of the Néel point.
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antiferromagnetic temperature range is shown in Figure 7.
Tne 'kKnee' wnich appears at a magnetic moment of avout 100
cgs units per gram for all isotherms above 30°K was not
observed in the measurements of Green, et al. (12) and
Behrendt, et al. (10) for single crystals of erbium and
dysprosium. The& observed only an almost discontinuous rise
followed by rapnid saturation of the magnetic moment.

The "knee" also appears in the isofield plot of Figure
8. The circles indicate points taken from experimental
isotherms. The details cf the curves in the regions of the
knees were established by drawing extra isotherms at one
degree temperature intervals between those actually measured,
usinz the experimental curves as guides. Although some error
is inherent in this procedure, the result is a more realistic
representation of the magnetic behavior than would be given
by smooth curves drawn through the experimentally determined
points,.

Measurements of magnetic moment as a function of
decreasing fields were made at several temperatures to check
for the hysteresis reported by Rhodes, et al. (9) for poly-
crystalline holmium. Curves for decreasing fields are
indicated by dashed lines in Figure 7. The uncertainty of
calibration of the masznet for decreasing fields results in
an error estimztion of about two per cent in the value of

magnetic moment and 0.2 kilo-cersted in the value of the
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magnetic field. The hysteresis in the antiferromagnetic
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an
described previously. The decreasing curve runs parallel

to the increasing curve below th;s knee and merges with the
linear portion of the increasing curve at a lower value of
applied field. The width of the hysteresis loop thus formed
is approximately the same as the width of The "knee" on the
‘increasing curve.

When an attempt was made to make measurements at the
30°K isotherm, the sample turned so that the c-axis was
aligned with the magnetic field. No such effect was
observed at 24.6°K or at 35°K. The sample was then removed
from the sample holder and reoriented so that the c-axis was
vertical and the basal plane was horizontal. The sample
turned through an angle of 15° or so when measurements were
made in the region of the '"knee" of the curve, but at points
above the '"knee" the sample once again linea up witn tne
magnetic 1ield. Then at fields above twelve Lilo-oersteds
tne samgple turned through an angle cf 3C° to zlizn the (lOiO)
directicn witin the magnetic field.

A small pear in tre rlaghnetic .oment versus tenperature

isofield curve wnich occurs at 20°kh for small magnetic fields

ct

is sktown in the inset of Figure 8. The peax is nct presen

ol

for magnetic fields greater tnan tiree xilo-cersteds.

A determination of thie saturgtion norent fecr the a-axis
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crystal, o .0° at O°K and infinite magnetic field is shown
’

in Figure 10. The high magnetic fiald valnecs of Ty wWere
b
1 X .
plotted versus ﬁ2 for several low temperatures. The resulting

straight lines were extrapolated to éz = 0 to obtain values

of ¢ o T° In Figure 11 values of Gco,T are shown plotted

T
’
versus T3/2 and also T2. 4an extrapolation to T = O gives

values of ¢ There is little choice between the o, T

©0,0° ’
3/2 2
versus T plot and the o_, 7 versus T~ plot.
)
A determination of the spontaneous magnetization, g, .,
?
is also shown in Figure 1l. An excellent discussion of
various metheds of determining spontaneous magnetization has
been given by Arajs and Lkiller (6k4). Values of gy, 7 for the
: . ?
holmium data were determined by extending the high field,
linear portion of the isotnermal magnetization curves to zero
field where the intersections with tne ordinate gave O, T
?
A plot of % versus T for the a-axis crystal paramagnetic

data is shcown in Figure 12.

B. Magnetic Measurements; <1010> Crystal
Isothermal measurements of the magnetic moment per gram
of the <10I0> crystal were made as a function of magnetic
field at temperatures from 1.4°k to 296.8°K. Aill measure-
ments were taken with the basal plane of the crystal vlaced
in a vertical position so that the <1010> direction and the

T

c-axis were in a horizontal plane. [o turning oi the sample

was observed at any temperature.



Figure 10. Isothermal variation_of the magnetic moment
as a function of 1/H2 for the a-axis and the
<1010> crystalse.
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Figure ll. Saturation and spontaneous magnetization of
the <}810> and the a-axis crystals as a function
of T3 and T2
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Figure 12, Plots of 1/X as a function of temperature for the a- and c-axis
crystals and for a polyerystalline sample of holmium.
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The data are presented as isotherms in Figures 13 and 1k.
Isofield curves obtained from the isntherm dats a2rz ziven in
Figure 15. The data for the a-axis crystal and the {1010>
crystal coincide above 80°K, so that the NEel point data of
Figure 9 and the § versus T data of Figure 12 for the a-axis
crystal are also representative of the <1010) crystal
behavior. At lower temperatures, the data for the two crystals
do not coincide. Anisotropy exists in the basal plane, and
the <ldié> direction is the direction of easy magnetization.

An anomalous behavior more complicated than that of the
a-axis crystal is exhibited in Figure 1k by the <10I0> crystal
in the antiferromagnetic temperature range; Two "knees"
appear in the isotherm data above 45°K, The first "knee"
appears at a magnetic moment of approximately 100 cgs units
per gram, and the second "knee'" appears at approximately 200
cgs units per gram. The widths of the "knees" increase with
increasing temperature, but the values of magnetic moment at
which they appear seem tc be constant. The details of the
isofield curves for Figure 15 have been determined in thre
manner described in Chapter V, Section A for fhe a-axis
crystal in order that the effect of the "knees" could be
properly described.

The dashed lines in Figure 14 show the results of

measurements of magnetic morient taken at decreasing fields

to determine the presence of magnetic hysteresis.



Figure 13. Isotherms for the <1010> crystal in the paramagnetic region plus

the low moment portions of isotherms in the antiferromagnetic
region, -
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Figure 14, Isotherms for the <1010> crystal at low temperatures. The dashed

lines and the square data points show isotherms taken at decreasing
magnetic fields.
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Figure 15. Isofield curves for the <1010> crystal.



350

300

250—

200

(o H,T

100—

50—

HO <I010> CRYSTAL

16 K~Oe

04



71

Values of the saturation moment, ¢ y and the sponta-

neous magnetization. o o3 for the Z£1010Y prvetsl wers
— N . Vi Q N e - v -~ headand -~
’

determined in the manner described in Chapter V, Section A.

C. Magnetic Measurements; c-axis Crystal

The magnetic moment per gram of the c-axis crystal was
measured isothermally as a function of magnetic field at
temperatures from 1.4°K to 295.6°K. Measurements at temper-
atures below 50°K were made using the system of chains
described in Chapter IV, Section A to keep the c-axis
parallel fo the direction of the magnetic field.

The isotherm data are presented in Figures 16, 17, and
18, and the isofield curves obtained from the isotherm curves
are shown in Figure 19. Decreasing field data are shown by
dashed lines. Experimental points are indicated by squares.
Also plotted in Figure 18 is the 4.2°K -isotherm for the (1010)
crystal so that it can be compared to the L4.2°K isotherm of
the c-axis crystal.

The isotherms below 20°K in Figure 18 snow an initial
magnetization of about 60 cgs units per gram. The scatter
of the data at fields below one kilo-oersted may be attributed
te the lack of a good magnet calibration in this range. The
small positive slopes of the curves up tc 18 kilo-cersteds
indicate that holmium is very hard magnetically in the
direction of the c-axis.

The isofield curves of Figure 19 do not show the Néel



Figure 16. Isotherms for the c-axis crystal in the paramagnetic region and
the upper portion of the antiferromagnetic region.
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Figure 17. Isotherms for the c-axis er

ystal at intermediate temperatures in the
antiferromagnetic region,
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Figure 18. Isotherms for the c-axls crystal., Dashed lines and square data
Foints indicale measurements taken with decreasing fields. A
te2°K isotherm of the <1010> crystal is given for comparison.
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Figure 19. 1Isofield curves for the c-axis crystal.
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point at 132°K which was observed for the a-axis and <1010>
crystals.

In Figure 12 the % versus T plot for the c-axis crystal
paramagnetic data are snown. Also shown are the experimental
data points for polycrystalline holmium reported by Rnodes,
et al. (9). Calculated values of magnetic susceptibility for

a polycrystalline sample, X y Were obtained from single

poly
crystal results by use of the relationship

X 2 Xa + Xc (5.1)

oly =
poly 3

where Xa is the susceptibility of the a-axis crystal and Xq is

the susceptibility of the c-axis crystal. The straight line
1

Xpoly

versus T. The data of Rhodes fall quite close to this line

between the a-axis and c-axis lines 1is a plot of

although their slope is slightly daifferent.

D. Resistivity Measurements

- The electrical resistivities (minus residual) of the a-
and c-axis crystals are displayed in Figure 20 as functions
of temperature. Since the data for the a-axis and trhe (1010)
crystals coincided within experimentzl error limits, only the
a—axis data are plotted. For purposes of clarity, some data
circles were omitted from the curves, but all data points
were used in determining the curve shapes, and a complete
tabulation of the data is given in the appendix.

The residual resistivity of the a-axis crystal was 3.50



Figure 20. Electrical resistivity, residual subtracted, as a function' of

temperature for the a- and c-axis crystals and for a polyecrystalline
sample.

The solid line gives the predicted polycrystalline behavior
from an averaging of a- and c-axis single crystal data.
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mohm-cm. The potential probes were 5.83 mm apart and were
ecentered on the corystal  whieh had o lcongth of 1C.95 zmm. The
current contacts were within one millimeter of each erd.
Resistivity measurements on the a-axis crystal were made at
increasing temperatures from 77.4°K to room temperature.
Measurements at decreasing temperatures from room temperature
to 125.4°K were next made to check for thermal hysteresis at
the NWéel point. All data points fell on the same curve. 4
final series of measurements was then taken at increasing
temperatures from 4.6°K to 78.4°K.

Figure 21 is an exvanded view of the region near the
Néel point. Data for both increasing and decreasing tempera-
tures are displayed iﬁ a plot of ( p - Pres)2 versus T, and
no thermal hysteresis is observable. At 132°K the curve of
the a-axils crystal first begins to deviate (with decreasing
temperatures) from its almost linear behavior observable at
higher temperatures. This is taken as the Néel point.

- - A very slight change of slope occurred at approximately
20°K., ‘

The residual resistivity of the <{1CIO) crystal was 3.60
pohm-cm. The potential probes were 5.24 mm apart and were
centered on the crystal, which had a length of 9.0 mm.
Resistivity measurements were made at increasing temperatures
from 76.2°K to 153°K, at decreasing temperatures from 153°K

to 124.8°K, and at increasing temperatures from 12k.8°K to



Figure 21. An expanded plot of (J"--/”I.es)2 versus temperature
for the a-axis and c-axis crystals in the vicinity
of the Néel point.
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The data for the (1010> crystal are tabulated in the
appendix. The plot of a-axis data shown in Figure 20 dis-
plays the temperature variation of the resistivity quite well,
as the differences between the a-axis data and the <1010)
direction data can be attributed to the experimental errcrs
involved. No thermal hysteresis was indicated at the HIéel
point, which was taken as 132°K. Just as in the a-axis data,.
a small change of slope occurred at 20°X.

The residual Tesistivity of the c-axis crystal was 3.20
mohm-cm. The crystal was 9.8 mm long, and the potential
probes were 5.83 mm apart. Resistivity measurements were
made at increasing temperatures from 77.9°K to 296.0°K, at
decreasing temperatures from 296.1°K to 122.8°K, and from
4,3°%K to 87.6°K. An attempt was made to check the change in
slope at 2C°K for thermal hysteresis. Measurements were
made at decreasing temperatures from 29°K to 12°K, at
increasing temperatures from 12°K to 29°K, and at decreasing
temperatures from 29°K to 19°K. At most, only a very small
amount of hysteresis was indicated, and the difference
between curves cculd be attributed to experimental error. A
resistivity difference of only 0.3 pmohm-cm at 20°K was
obtaired for the two most widely sepzrated curves. The

data are tabulated in the appendix.
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Figure 21 shows the marked minimum in resistivity which

Uoluitre

at the Neéel poini for the c-axis crystal. A

£y

temperature of 132°K is taken as the Néel point, although
the essentially temperature-independent nature of the curve
from 132°K to 150°K indicates that the effects of magnetic
ordering may extend well above the Néel temperature.

Also plotted in Figure 20 is a curve of polycrystalline
holmium data determined by Colvin, et al. (6) and a curve of
calculated polycrystalline data wnicihi were obtained from the

single crystal data by the use of Voigt's rule,

/Dpoly =2 P3.3+ FPe (5.2)

where f7, is the a-axis resistivity, f, is the c-axis

resistivity, and fgpoly is the calculated resistivity of a
polyerystalline sample. This relationship has been verified

for the hexagonal rare earth yttrium by Alstad, et al., (65).
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VI. DISCUSSION

A. Magnetic lMeasurements

The magnetic properties of holmium were found to bpe
anisotropic over the entire temperature range covered in tnis
investigation. The existience of magnetic anisotropy in the
paramagnetic region nas been siown experimentally in erbiu
by Green, et al. (12) ard in dysprosium by behrendt, et al.
(10). The anisotropy for the case of nolmium is displayed in
Figure 12. No anisotropy was observed in tne basal plane at
temperatures above 100°K., This is in agreement with the work
of Boas and Mackenzie (52), since X is a linear function of
H above 100°K. % values for c-axis dazata are nhigher than basal
plane values, winich indicates that the c-axis is the direction
of nard magnetization. Paramaznetic Curie temperatures, Op,
are obtained from extrapolalions of the straight line-portions
of the plots. For the basal plane, 6y = £€8°K; and for the c-
axis, Op = 73°<. Since trne Curle temperature for a poly-
crystallire material Is proportional to an efiective exchange
integral, Bekrendt (56) has proposed that the arisotropy in
the paramagnetic region may bte due te anisoiropic exchange
integrals arising from anisotropic crystalline fields.

The Curie constant, Cg, in Ecuation 2.14 for tne effec-
tive paramagnetic moment,

eff = 2.C3 ¢ Acg ’ (2.1L)

is given by the slopes of the straight lines of Figure 12.
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Since the straight lines are essentially parallel, ALy =
1l.2 Bour wagnetons for all inree crystalliine 41rections.
The data reported by Rhodes, et al. (9) for polycrystalline
holmium give a slightly different slope and an effective
moment of 10.9 Bohr magnetons. The theoretical wvalue of
/“éff is given by Equation 2.13,

Morr = g[jJ(J+1)J 172 (2.13)
Substituting the Qalues of g = 5/% and J = 8, which are
obtained when the ground state of 5I8 is assumed, one obtains
Heff = 10.6 Bohr maguetons. It shoulé be noted that the
results of Green, et al. (12) for erbium also gave experi-
mental values of AMort which were'approximately three per
cent higher than those predicted by this simple theory.

The a-axis and the <1Cl0> crystal data show the existence
of a Néel point at 132°K. It can ve seen in Figure ¢ that the
KNéel temperature is field dependent and decreases with in-
creasing magnetic field. Below 132°K, the a-axis ard the
<1010> crystal data indicate that tne sample is inrn an anti-
ferromagnetic state. However, there 1s no indicaticn of
antiferromagnetism in the c-axis data plotted in Figure 19.
These results agree withh tine neuiron diffraction studies of
Cable, et al. (32) who sucgested that below 132°K the magnetic
moments hzd in the absence of an external field an antiferro-
magnetic helicel spin arrangement with the magnetic moments

lying in the basal plane.
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At very low temperatures, the <1010> directicn is the
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saturation moments, o for the a-axis and the <1010>

00,407
crystals are spown in Figures 10 and 11. For tne <1010 >
crystal, the T3/2 plot gives a somewhat better fit. This is
in agreement witi tihe theoretical results of Kasuya (23) and
Bloch (2%), but not with tuose of Nilra (26), wio obtained a
72 dependence ior single crystals of dysprosium. mowever, if
only temperatures of 20°i and under are considered, the plots
are about equally gcod.

For tne <1010> crystal, o = 350.2 + 3.5 cgs units per
’ )

o
)
gram, and N pp = 10.3% + 0.15 Bohr magnetons. For tine a-axis

crystal, o '306.0 + 3.1 cgs units per gram, and Ngpp =

00,0

9.00 + 0,09 -onr maznetons. 4 theoretical determingtion of

thie saturation moment ircom Lcuaticn 2.16 gives Neff = 83 = 10
Bohr magnetons, so ti:tat slightly more than the total wmoment
predicted by Equation 2.16 is obtzined in tne <1010> direc-
tion. The zdditional :oment may arise from tie coririvution
of polarizcd conGuction electrons wiiicii were rnot considered
in the Gerivation of Eguation 2.16.

If tne saturation moment of the <1010> crystal is
rmultiplied by ti.e cosine of 30°, a value of 8.95 Lohr
magnetons is obtaired. This is equal, witnin the limits of
experimental error, tc the saturaiion moment ¢f the a-axis

crystal. Since thie a-axlis aid tne <1010> directlons are 30°
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apart in the basal plane, a reascnable interpretation of this
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directed along an a-axis, the magnetic moments at saturation
are lying alonz the easy <1010> directions located 30° on
either side of the a-axisj; and only their components in the
direction of the field contribute to the magnetization,
Because of the anisotreopy effects involved, the apwnroach to
saturation of the a-axis maznetic ﬁoment need not be expected
to follow either type of temperature dependence,

The a-axis and the <1010> crystal magnetization curves
at lowest temperatures have the characteristic shape of
curves for ferromagnetic materials, and the decreasing field
measurements show a considerable amount of =nysteresis.
Neutron diffraction results of Cable, et al. (32) also
showed that ferromagnetism could te irnduced in holmium at
temperatures below 20°K by tiie application of a2 magnetic
field in the basal plane.

Curves for the c-axis crystzl are gquite different. The
spontaneous magnetization of about 60 cgs units per gram, or
1.7 Bonr magnetons per atom, followed by a very flat magneti-
zation curve agrees guits well witn the neutron diffraction
results of Koehler.l His results irdicate tnma. below 20°K in

zero magnetic field a small component (about 2 Tonr magneions)

lKoehler, We Co 0Oai Ridre Taticnal Labnoratory, Cak
Tenli. Concerning neutron diffrsction data cn holmium.

)
ate communication. (19¢60C).
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of the magnetic moment is directed along the c-axis in a
ferromaoznetic 2ligonment whilc thc Taszl plane orlienvailion-
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remains a spiral. Tt is extremely difficult to turn the
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moments further away from the basal zlane o
of a magnetic field along the c-axise.

The antiferromagnetic range extends from sligrtly below
20°n to 132°K. The anomalous benavicor at low fields near
20°i shcwn by the inset of Figure ¢ and the "knees" in the
magnetization curves siow that holmium is more complex than
erbium or dysprosium for wihicii no such effects were.obtained.
An extrapolation to zero field of a plot of the critical
fields at which the discontinuities in the magnetizatio:

curves first occurred versus temperature was used by

td
(¢}]

ehrendt, et al. (1C) and Creen, et al. (12) to determine
the ferromeagnetic-antiferrcmagnetic transition temgeratures.
A value of 15°K was obtained wien tuis inethcd was applied to
]

neclrium, bul the ccmplex beshavior of the magnetization curves

=

i the vicinity of 2C°K casis scue dovbt o tihe relevance of

@®

Be RHeslstivity rieasurements

The ratio of electrical resistivity values for two

different crystal directicns 1s a measure of tihe anisotrcpy

Pa _

of the resistivity. At rcom tewperaturc, == = 1.7C and

FPe

/Q%_ = 0.%E. _/Qa, /leCEO>’ and _f% are thre
P<1010>




resistivities along tne a-axis, the <1010>, and the c-axis

de - -
vo v

directions. At tewpersaturss aheove 2000, fthe plc
'fg- Pres versus temperature are esserntially linear, and the
slopes of these ploils are alsoc indicative of the degree of
anisotropy. The slope of the P, curve is 0.099 _«ohm-cm/°K,
while the slope cf the P, curve is 0.176 w«ohm-cm/°K, and
the slope of the /F210i0> curve is 0.18% «ohm-cm/°K, It is
possible to attribuie the differerce in the slopes of the/ﬁ%
and /0<lOiO> curves to experimental error. This comparison
of room temperature resistivity values and of the slopes of
the curves sncws that tnere is at most a very small arisotropy
of the resistivity in tne basal plare. These resulis substan-
tiate the predictions of Boas and lackenzie (52), who suggested
that therc would be ro anisotropy of electrical resistivity in
the basal _.lare for a hiexagonal close-pacred crystal. The
results snow a large degree of arisotropy tctween the a- and
c-axis dilrections, iowever.

If tre large a:isotropy wi:ici. 1s cbserved bvetwee:rn Py and
Pe in the teuperuture region above 132°K were due to phonon

'fects, it would e reasonable tco expect that The exirapo-

4

e
lated--linear gortions cf the curves would interscct at zero
degrees nelvin. Since tune curves ao :ot intersect, tne

azlsotropy 1s probubl, aue to anisotropy 1u wagnon scattering.

Cealculated data for a polyerystalline sanple obiuined by

Py

1

switably averuging ine a- aid c-axls data are plotted in
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Figure 20, 1In the paraumagnetic temperature range, the curve

O

I ICsistiviiy versus temperature is linear, and the slope of
the curve is 0.1L47 «ohm-cm/°K. The experimertally deter-
mined data of Colvin, et al. (€) for polycrystalline heolmium
are also pletted ang the slope cf this curve is G.144 w«ohm-
cri/°K. The two curves also show the same shape in the
vicinity of the W&el point. It has beer pointed out in
Chapter I that "polycrystalline" samples of rare earth metals
often have scme degree of preferred crientstion sco that
perfect agreement is not expected.

The magnetic measurements indicated that 132°K is the
Néel temperature for holmiuvm. A "inee" occurs in thie curves

of P, and F.ig1o> at this temperature. The slopes of the

(=0

curves decrease but remain positive.
The curve of P, nas a broad unsymmetrical peax with a

s ey a L4 3 ~OT" v
raximum at 116°K followed by a mirinurm at 132°K, the leel

ct
ct
[
»
}
wn

temperature., Green, et al. (12) nave suggested tha
peak indicates trat the ordering of the spins in the
antiferromaznetic-paramagnetic transiticn occurs over a wide
temperature range. The temperature-independent nature of the
c-axis resistivity from 132°K to 15C°K may alsc indicate that
ordering effects extend well into the paramagnetic range.
Plots of In T versus In( P - Preg) for the a- and c-axis
crystals are aisplayed in Figure 22 in order tc snow the

1 i s R AT
LOW Lhe Ledd

o}

temperature dependence of the resistivity ©

(



Flgure 22. Plot of Ln (F=- freg) versus In T for the a-axis and c-axis crystals.
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point. The c-axis data have a T3/2 dependence from 100°K to
20°K where a rather sharpy transiiion to a T8/3 dependence
occurs. The a-axls data are seen to approach the same
temperature dependences shown by the c-axis data above and

ow — A 3/2 £/3 .
below 20°K, but the transition from T to T is much more
gradual and extends from aprroximately 15°K to L4Ceok, It is

felt that care must be talen in considering the data below

L= Pres < 0.1, an
Pres
the residual resistivity may make a substantial contribution

10°K since d tre temperature dependence of
to the total resistivity.

A magnetic transition near 20°K nss been discussed in
Chapter IV, Section A. The effects of the transition on the
resistivity are much more apparent for tne c-axis crystal than
for the a-axis crystal. This was also true for erbium, which
displayed a discontinuous jump in tre c-axis resistivity data
at the magnetic transition temperature. No anomalcus effect
was observed in the erbium a-axis data at tnis temperature.

The resistivity data of Green, et al. (12) for single
crystals of erbium and of Hall, et al. (13) for single
crystals of dysprosium also give _/2 curves whnicii nave a
peak just below the i€el tewperature ard Pa curves w:;icl‘;
have only a change in slope. (The P, and P, data of Hall
are predicted values obtaired from measurcmenis cn a poly-
crystalline sample, a single crystal oriented 1£.2° from

the c-axis, and a single crystal oriernted L2.0° from the
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c-axis.) The resistivity curves of dysprosium, holmium, and

erhiuvm ore rother cimilaor in tho paromagnClic TAWnge as welle
In each case, al room temperature, A, i1s more than fifty per
cent greater than /FE. The similarity of resistivity
properties of the three netals in the paramagnetic region
suggests that Tieir magnetic croperties mignt also have much
in common.

rasuya (4€) obtained arn ecuation i which tre maznetic
part cf the resistivity in the paramagnetic region is
proporticnal to tne sguare of tne effective exchanze integral.
Behrendt (56) exvlained tie anisotropy of turne magnetic
susceptibility in the paramagnetiic regicn, wrich is charac-
terized by different paramarnetic Curie temperatures for
different crystal directi ons, ;s being due tc an anisotrepic

excnange integral, Since the paramagnetic Curle temperature

is preoportional to the exchange integral for polycrystzlline

materials, Hall, et al. (13) sugrested that
2
- T (6.1)
./D.L DL

wiere A and P, are tne magnetic contributicns tc the

o
ct

c-axis and ihe basal plane resistivities, wnile & and ©

[#]
Q
o
5]
-
o

are tne c-axis and the basal plane paramagneti

temperatures.

-~ ol . ﬁ’ =, . O 2 —
For dysvrosium, —=— = 0.C waile (R = 0.52. The
H > P C 7
AL p_L

agreement, wiile not good, is promising.



data of this investigation, one obtains in_ = 0.62 and

R
/6., \° .
o = 0.6
5, /
when Equation ©.1 is applied to erbium, radical disagreement

. 1Llis agTeement 1s rather gcod. Hhovever,

O

is obtained. For erbiwx,.j§~ 0.k2 wnile Gﬁﬂ%}z = 3.6.

+ o
. ‘ 2 P
if one inverts (QRLJ , however, one obtains a value of 0,28.
If this value is compared with —Z%—, it 1s seen that the
4

agreement 1s aboutl the same as in the case of dysprcsium. It
snpould pe izoted that the basal vplane contains the direction

of easiest magnetization for holmium and dysprosium, and

Gpy 1s less tnan GpL . Yor ervium, nowever, thne direction
of easiest magnetization is ine c-axis and 5, is greater
than © . Zguation ¢.l, wnich was cobtained from a theoret-

DL
ical treatment for polycrystalline naterial, is probably too

er.tal data on
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Tabulation of the Magnetic Data?

Table 1. Experimental data for the a-axis crystal

o] H

g H

o] H

1.8°K (80°K)

323 0.50
68.63 0.88
2k7.1 1.56
295k 547
300.8 8.1t6

303.2 11.45
3044 14 k5
305.0 17.45

303.4 11.8
302.3 9.8
301.8 77
295.0 L.6
286.9 2.6
12.0°K (298°K)
3.6k 0.50
6.15 0.74%
12.35 1.03
207.3 1.13
238.7 1.32
252.3 1.55
260.5 1.80
265.9 2.02
270.3 2.2k
2gg.o 2.30
2 [ ] *
289, é.hg
299.1 746
302.7 11.46

303.8 1k.45
304,11 17.45

L ,20K (298°K)

)+o72 0050
20.08 0.96
2784 2.50
291.5 4,48
299.0 746
301.1 9.46

302.8 11.55
303.9 1445
30k.5 17.45

14.5°K (296°K)

4,07 0.50

6 .00 0.99

9.55 l1.21
89,60 1.3%
102.% 1.%1
234.5 1.58
259.9 2.0%
265.7 2.SZ
2€1.3 3.5
288.0 L 48
292.4 5.47
297.3 746
300,.2 9.59
301.9 11.46

303.5 1,45
303.7 17.45

10.,0°K (298°K)

4,75 0.51
36.76 0.93
234,.0 1.07
262,.0 1.53
278.9 2.50
290.5 L,18
294 .9 547
300.9 8lt6
302.9 11.k5

30k, Lt 17.45

17.3°K (298°K)

3.82 0.49
k.55 0.73
6.19 0.99
10.12 1.22

15029 loh‘?

23.67 1.73
126.15 1.77
19841 1.88
233.62 2,08
257.37 2

8Temperatures in parentheses are annealing temperatures.



06°TT HO* 642
29°6 OR* 4T
92°*6 Hhe€ET
oledde! 38° 60T
VAR AR
96°/ S+q° /e
0¢€°4 T6°+He
H9°9 S ALA
96°6 21°02
g+° g 45°QT
96°+H +6°9T
36°2 €6°0T
66°T ER*d
66°0 [
(BloOT) MoG*/%
94T S*00¢€
9R*GT 3662
g 1T 9* /62
8+H°Q g° 162
6H°9 6°09¢
00°9 H* Gl
2s°6 €el92
ge°s #°292
H0°* 6 9°G642
1I8°+ €eohe
84+ Ce1ge
Q€ H 6°QLT
IC°H 0°¢0T
02°H 2i°ge
96°¢ 2g°¢2
439 02°12
.L6°2 €H 61
96°T LLCET
66°0 16°9
(Joldt) Mo9*H2

LR LT 0° 962
L HT gegée
6R°TT €*Hge
46°0T 8°LL2
€66 ARAS
€9°Q §°231
42°9Q g 6TT
€34 34°26
w6/ YAFAY
KT*4 00° 62
25°9 o1°ce
96°§ AR
3h°§ 8E°QT
20°6 @m.@ﬁ
36°¢ pE CT
36°¢ AR} !
66°0 96° ¢
(Jo0C) Ho0°SL
9H* LT €*T0¢
SRR/ 8°00¢
94 1T 0° 662
L7 8 2142
36°9 Q°63¢c
05°6 c*0ogc
AL T°69¢
03°¢ 6*9¢2
09°¢ 6*122
oH* ¢ 5°09T
6 ¢ L6°09
12°¢ ¢3°ze
96°2C T5°02
AL TH*6T
LR*2 QL QT
L6°T 42 LT
LH°T 9T°*GT
36°0 Gheel
6+°0 LS.

(Mo36C) Moc*2C

G*06¢
€ HB3<
0°6le
§L°39¢
£6°652
AR oA
g*6¢e
Eq°3HI
6°30T
tE°H8

9/*ge

2L ¢2

1334014
06°8T1

QT°1T

€ H

(MoB84) MoO°*0Ot

~

. e o o o
O N+ WININN\O O OVOWO N0 NO

e & & o

LV OVWOOVONNMNFT O MNO OO
ONONONF OV NS0 O WO N+ O
L]

9R*LT f#*20¢

9+ HI T°co€
9H*'TT . ¢€°00¢
R*6 - TI°gée
VA SV Y/
8h°s ¢°383¢
H5 R 3°1T3c
g6t 9°389¢
g6°¢c 9°Hte
€€e2 6°TST
96°T 65°02
Q¢ T S+°9T
36°0 8°¢T
6H°0 9*4

(Mog36C) MoO°6T

H

H

H o

Q0T

(ponuTiuoD) T OTARS



He6ee
6°12e
&°01e
+°99T
AVANT
T°QTT
2°01T
16 9x* €2 #€0T
€21 LL°EE Lr°2h 29°HI T°9¢e
T1°CT 89°84 VALY gz HI 9°3TeC
9°¢T 6°00T +S * 0+ CLCT LoTHT
¢+l 8°STT 0g8°5¢€ 0€°€T 7 TITT
44T G* 12T 66°c¢ 96°2T TG H6
0°¢T 0°+H9T G0° 0% theel 09°TH
G4T 3*122 AR A H6°TT L6°2¢
TO°ST 96°3 g6°¢te
H6* /T gezse LL*L L6°6 88°S6T
96°9T R EHC ¢0°* 66°¢2 [oAde:
(Moc2) Mo3°T9 V¥o3°T9 (Jo9°H2) MoG°95
gR*4T €*062
0°0T QR HT 2°98¢
g°0c 66°2T 4¥08<
6°0¢ 00°2T AR Y
06°LT 9°g/c Q° L G 1T T°g9¢c
26 6T gezle G°GTT €0°TT G642
mm.ma 6692 6°66T 94* 09°S6+e
RG°ET G*hGe H°66e 2I°0T AL 1+
g89°ct g£e6ce 66°/ G°2ST
92°2T T°€9T 9°69e Qs m 0°IcT
64°TT 0°LIT 9°Q42 965 T°E€TT
€ 1T L6 Kb 2°+92 (4% m Q°60T
T0°1T 36°2H L6642 30°6 6G6°TIg
66°6 +H2*ge 6°92T 26°9 T6°2H
66°g 9142 6T 0% 9* 85 °
g6°/ OHw*ee [YAFK 96° 96°*He
26°4 66°91 0+°8T L6°H TE€°GT
36°2 49° w 1.6 36°2 T€°6
66°0 Ge¢ ST H 66°0 0€-¢
(YoGt) Jo0°0S *Lt) MoO°SH (Mo05) Moh*OH
H 0 0 H o

( PONUTLUOD)

*T ®T1qeyL



Table 1.

(Continued)

110

g H g H o H
676°K (298°K) 74« 0°K oK
2.29 1.00 2.23 1,00 6 40 2.92
6,78 2.99 645 2.99 12.52 5.9
13.62 5497 13.03 5.96 18.86 8.97
20.51 8.96 19.6% 8.96 2541 11.95
27 .74 11.95 26 47 11.95 32.23 14 .94
32.92 13.94% 33.70 14,94 3462 15.94
40,5k 14,95 35.08 151k 35.86 16 oL
106.07 15.81 37.0% 15.93 37426 16.93
11b.3 16.29 38.78 16.19 38,22 17.20
162.8 16.71 3,26 16.h2 39.#5 17.43
21k.8 17.15 7%.29 16 .62 42,27 17.68
226.6 17.59 9L .65 16.83 51.72 17.91
102, %7 17.09 _
108. 17.32
111.00 17.56
114,95 17.80
78 .9°K 79 .2°K 88.,9°K
2.11 1,00 214 1.00 1.95 1.00
L,17 1.9¢ 6 ¢ 2k 2.99 5,86 2.99
8.27 .3'99 10032 1"“09((.» 11070 5098
16.52 7.97 25.16 11.95 23.58 11.96
25.21 11.85 31.82 1k .ok 28,71 14 .95
31,92 1,94 L0,60 17.93 36,03 17.94%
41,26 17.93
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Table 1. (Continued)

c H o] H o) H
133.0°K 139.5°K 140,1°K
2.1420 1.00 1.92 1.00 1.73 1.00
6.237 2.99 6.00 2.99 549 2.99
12.40 5.98 11.78 5.98 10.6 5,98
18.49 8.97 17.65 8.97 15.96 8.97
24,70 11.96 23.52 11.95 21,28 11.96
30.89 1k, 9% 29.36 14.95 26.59 14.95
36.98 17.93 35.09 17.9% 31.78 179k
24,70 1%,2
21.49 12.3
. 10.76 6.2
5.k2 3.2
151.2°K 181.1°K | 21k,1°K
L4 L7 2.99 1.07 1.00 0.69  1.00
8.59 596 3.09 2.99 2.22 3.00
13.31 8.96 6.08 5.99 448 5.99
17.70 11.97 9.0k 8.98 6.68 6.99
22.10 15,96 12.09 11.GE 8.92 11.98
26 .10 17.95 15.09 1%.97 11.2% 14%.98
18.03 17.97 13.26 17,98
15.43 15.4
9.18 9.2 12,15 12.3
9.25 9.2
6.13 6.3
251.2°K 296 .8°K
0.60 1.00 )
175 3.00 198 00
352 2299 2.69 6..00
2:12 5.9 3.59  7.99
6.82 11.99 5.3 11.90"
8.53  1k.9¢ 6.72  1%.99
10.17 17.98 £.09 17.9¢
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Table 2. (Continued)

o H o H o H
54 .8 °K 60.3°K 70.1°K
8.20 2.98 7.48 2.99 7.0k 2.99
15.38 5497 14.83 5.97 13.62 5.97
23 .4k 8.95 22.27 8.96 20,40 8.96
33.19 11.9% 30.11 11.9% 27.31 11.95
L3.46 12.42 33.00 12.94% 32.2% 13.94%
68.25 12.61 35.77 13.43 35.06 14%.93
91.30 12.82 53.16 13.90 36.00 15.20
103.9 13.06 83.54 1k.10 37.07 15.43
122.2 13.27 96 .10 1%.31 36.93 15,67
169.5 13.43 105.7 14.53 Ll 4O 15.91
186.8 13.64% 119.5 14,77 70,47 16.12
196.3 13.88 158. 14,9 90.30 16.32
202.5 14,11 183.8 15.14 98.92 16.57
207.9 14.36 193.8 15.37 105.3 16.79
211.k 1%.59 201.0 15.61 127.0 17.25
218.k4 15.07 210.8 16 .09 185.0 17.64%
222.1 15.32 217.6 - 16,58
224 ,7 15.56 222.,7 17.07
234,2 15.80 22643 17.56
252.8 16.01
269.1 16.23
277.2 16 .46
287.3 16 .94
292.5 17.43
78 .8 °K 91.2°K 110.3°K
2.23 1.00 5499 2.99 5.58 2.99
6.13 2.99 11.70 5.98 11.05 5.98
12.37 5.98 17.47 8.97 16 .43 8.97
18.75 8.97 23.39 11.95 22,12 11.96
25.25 11.95 29.38 14 .94 27.78 14.95
31.92 1% .94 35,40 17.93 33.55 17.94
34,29 15.94
36.82 16.93 27.96 15.4
38.68 17.56 22.29 12.3
9.28 17.65 ‘ 16.72 9,2
0.61 17.92 _ 11.0% 6.2
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o H g H o] H
120,0°K 130,0°K 140.,39K
5. 7% 2.99 6. 5% 2.99 5.63 2+99
11.30 5.98 13.00 5.97 10.59 5.98
17.1 8.97 19.46 8.96 15.96 8.97
23.1 11.95 25.98 11.95 21.23 11.96
29.47 14,94 32.40 14,94 26.51 14,95
36.12 17.93 38 93 17.92 31.64% 17.94%
160,.8°K 188 .6°K 219.1°%K
3.86 2.99 .88 1.00 <54 1.00
774 596 2.94 2.99 2.33 3.00
11.47 8.98 5.69 599 4,50 599
15.31 11.97 L5 8.98 6.56 8.99
19.12 14,97 11,20 11.98 8.68 11.98
22.80 17.96 13.98 14,97 10.76 14,98
16 .57 17.97 12.72 17.98
246,1°K 296.3°K 296.8°K
1.15 1.00 .60 1.03 1.9 3.00
3672 5 99 1.h7 3.00 4,11 8.99
5,42 8.99 2.30 5.00 5.46 11.99
7.15 11.99 3.21 6.99 6.79 14.99
8.94 1%.98 L,07 8.09 8.13 17.98
10.65 17.98 546 11.99
6.83 14,99
8.13 17.98
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Table 3. (Continued)
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] H g H o H
«7°K 90,0°K 100,0°K
7.13 2.99 6.90 2.99 641 2.99
13.95 5.97 13.21 5.98 12.45 5.98
20.84% 8.96 12.83 8.96 18.58 8.97

2774 11.95
Eh.59 14,9k

1.23 17.93
39.40 15.4
28,02 12.3
21.25 9.1
14,16 6.2

110.0°K

5.97 2.99
11.65 5.98
17.21 8.97

22.79 11.96
28.50 1,95
3k .06 17.9%

2.99
757 5+99

32.89
39.21 17.93

120.0°K
5026 2.99
10.54% 5¢9&
15.57 8.97
20,82 11.96
26.00 14,95
31.08 17.94

160.4°9K
3.16 2.99
6.20 5499

Q.kt2 8.9E
12.69 11.98
15.76 14,97
18.78 17.97

183.8°K

2.80 2.99
5.12 5499
7459 8.99
10.15 11.98
12.6k4 1%.98
14,99 17.97
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Table 3. (Continued)

o H o] H
217 koK 217 49K 256,
Run 1 Run 2 1.61
4 2.05
2.08 3.00 2.02 3.00 o 54
L,02 5.99 3.99 5¢99 6 Okt
5.90 8.99 5.86 8.99 7.57
7.85 11.99 7.77 11.99 9.06
9.77 1%.98 9.69 14.98
11.62 17.98 11.55 17.98
295.6°K
1.30 3.00
2.58 6.00
3.81 8.99
5.09 11.99
6.28 1%.99
741 17.99 -
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Table 4., Saturation magnetic moment per gram at T°K

o a b
ToK coo’T oo,T
, a~axis crystal

1.8 306.0 -
4,2 305.8 299.3
10.0 30508 -
12.0 305.5 298 .k
4.5 305.3 2977
19.0 30k.5 297.0
222 304,0 296.0
2k 6 303.2 295,32
- <1010> crystal

1.b 350.2 347,0
L,2 _ 350,2 347,.0
1L.5 348.9 345,0
20,0 347.8 -
25.2 347.3 341.3
30.3 346.7 337.0

@Data obtained from Figure 10.

Ppata obtained by extrapolation to H = O,

Table 5. Inverse magnetic susceptibility per gram for

polycrystalline holmium

Polyerystalline samplea Predicted valuesb
ToK 1/Xg ToK 1/Xg
140,0 0.61 x 103 136.5 0.56 x 103
17G6.0 0.93 145.5 0.66
200.0 1.25 185.0 1.08
230.0 1.57 299.0 2.32
260,0 1.89
290,0 2.21

a8Data obtained from curves of Rhodes, et al. (9).

bData,obtained from single crystal values by use of

Eguation 5.1.



122

B. Tabulation of the Resistivity Data

Doﬂ c+’1~rr-s+ ~
=

.-

At e A e

~
- —-I-bVJ ) e e A LA VA L2 22

current flowing along an a-axis

‘lJ

PO I,
CeLa vl ©

I°K P = Pres TeK P - Pres I°K  P= FPres
(Pres = 3.50 wohm-cm)

81l.2 31 20 179.2 69.51 5e3 0.11
E7.4 34,02 185k 704,67 6.3 0,16
G2,2 37.80 197.1 72.77 8.2 .28
97.0 Lo, 7L 207.0 74,63 10k 0.48
102.0 L3,6L 216.3 76438 12.0 0.79
106.7 46 . 1+5 226,0 78.18 1L .6 1.38
111.6 Lg9,50 235,32 79,87 164 1.85
116.0 52018 2Lk9,2 g2.3k4 18,8 2458
121,k 55 .45 206,8 84 L0 19.7 2.95
12,8 57.29 272.,1 86.38 20.5 31k
126,.0 58,08 285.1 88.58 21.5 3.43
127.0 58.56 296 .6 9C.61 22,8 3.83
128.%5 59,24 oL L L 36
129,.6 59.69 26.7 5.15
130.9 60.17 138.2 61l.63 29,1 6 .09
132.1 6043 133.4 60.71 32.0 7,22
133.7 60.71 131.0 6C.21 34,6 8.20
13k.5 60.85 122.¢0 59.8¢ 34,2 8.00
136.1 61.19 129.1 59.55 364 9.93
137.¢ 61.53 127.1 58,65 L6,0 13.18
139.9 61.01 125.6 57 .86 51.0 15.%6
14k, 5 62.78 v 55 ¢kt 17 48
4oL 63.78 60,0 19.79
159,2 65.67 62.7 21.12
7%.3 26,65
784 29,46
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Table 7. Resistivity as a function of temperature for the
current flowing along a <1010> direction
TeK FP= Fres T°K LP= Fres Tex L~ Fres
( Pres = 3.60 uohm-cm)
78.2 29 .16 272.9 87.87 5046 15.31
E8.k 35.48 28%.1 89.96 5642 18.01
296.3 92.17 597 19.60
673 23.€9
7363 26 .86
153.2 65 .0k 7843 29,58 77.S 29.42
1.2 62.€2 8l.5 31.57 87.5 35.1%
130.2 60.31 87.2 35.28 97.6 L1l.25
128.3 5%.56 97,8 41.83 106.8 L6,86
128.3 59. 54 116.1 52 ¢ 5kt
127.C 56.293 L.3 0.09 121.6 55.82
124.8 57«76 De3 0.07 125.0 5787
1341 6l.21 6.3 0.07 126.2 58 .49
8.2 0.19 127.6 59.18
10.2 0.1 127.9 59.21
1414 62.53 12.2 0.77 129.6 60,03
148,.6 63.26 15.C 1.37 130.9 6C.49
14¢.1 64,09 16.7 1.20 132.5 60,8%
159.1 65.03 1.1 2.59 133.5 61.05
16G.3 68,06 19.6 2.83 135.8 61.50
179.4 69.98 20.2 3.02 13&.0 61.89
189.¢& 72.00 21.4 3430 140.8 62.43
19%.7 74,07 2242 3.03 1L, 2 63.15
212.6 76 46 ok, 2 L,18 150.2 64,33
212.6 76 145 25.8 k.79 155.1 65429
2254 8.81 27.0 522
2&%.4 1.16 29.6 €.19
2k3.8 E3437 34.9Q 799
261.8 85.70 3865 .07
272.6 87 .69 L3, o 12.33
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Table &, Resistivity as a function of temperature for the
current flowing along a c-axis

T°K P- Sres ToK LP-fres TeK FP- Fres
( Pres = 3.20 wohm-cm)

779 31.0% 251,0 48,50 78.0 31.0h
83.0 34,04 261l.1 L9,5 78.2 31.20

8742 36,40 272,2 50.6 - 83.7 3L,39

91,8 38.96 283.7 51.89 87.6 36.65

96,8 41,51 296.0 53.17 _
101.6 13,58 261 .k L9,.,57 29.0 7 .20
107.0 L5 Ll 137.8 39.79 26.8 6.37
111, 46,50 131.7 L0,28 2L.3 543
124,8 L5,81 L.3 0.08 20.2 L.,05
126,0 L5,27 IS 0.13 19,2 3.68
127.1 LL 69 5.3 0.17 18.6 .42
128k L3,86 6.3 0.20 16.2 2.71
130,68 L1.25 8.2 0.36 15.5 2,09
131.7 40,23 1 10.1 0.65 ERTIRTS 1.64%
132.8 40,10 12.7 1.24 12.9 1.24
134,11 39.79 1.6 1.79 15.% 1.95
135.2 39.74% 16.3 2.32 16.8 2.143
136.1 39.73 16.7 3.29 18.7 3.16
138.2 39.77 19.3 3.63 19.4 3.51
139.1 39,7 20,0 3.95 20.1 3.02
140,2 39.7 20,8 L,25 21.0 L,23
42,0 39.76 22.1 4,69 21,6 L.LY
l)'+l+o6 39.81 23.2 S-O(. 2202 15'065
148,2 39.02 25.0 5.66 23.2 5.00
152.0 Li‘O.Ob 29.0 7.26 - 21*'02 5.37
156 .14+ 40.32 31.8 &2 25.2 5.75
160.23 LO.A1 35.1 0,82 2545 6.23
167.5 41,00 3¢k 11.71 22.0 7.27
177.5 Ll,74 L4, 0 13.80 22.2 L .69
189,.2 L2,69 50.% 16.42 21.% L. 46
1938.8 43,50 54,7 18.68 20.7 L.25
208.0 Ll 3k 5a,& 21,20 20.5 L, 16
218.4 45,30 62,0 22.42 20.3 4.09
227.6 L6.18 675 25.22 20.0 L.01
236.7 47,11 73.1 25.29 19.k4 374
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Table 9. Resistivity for polyerystalline holmium®

ToK P = Pres Tk P- Pres ToK P = Pres
(Ppres = 7.0 mohm-cm)

1.3 0.0 30.5 6.6 129.7 51.9
2.0 0.0 32.k4 7. 131.9 51.k
3.0 0.1 35.1 8e6 135.0 5246
3.5 0.1 38.2 9.9 141.1 52.2
L,2 0.1 41,8 11k 150.9 53¢5
13.8 1.k 49,0 14 .6 162.7 55¢1
15.0 1.7 55.6 17.3 176.1 56,9
16.1 2.1 6l Lt 21,8 189.7 60.3
17.0 2.3 71.7 25.7 200.0 60.3
18.0 2.7 77 .8 29.1 210.2 61.8
18.6 2.9 82.5 31,k 221.8 63.#
19.0 3.0 92,8 37.6 233.7 64,0
19.4 3.2 103.2 hg.h 246,3 66.9
19.8 3.3 11k.3 48,7 263 .8 69,k
20,2 3okt 120,8 51.1 275.8 70.9
21.9 3.7 12%,3 51.9 284,.8 72.3
27.5 544 127.2 52,2 297,7 o

8Data for curve published by Colvin, et al. (6).

Table 10, Predicted resistivity for polycrystalline holmium®

TeK /o"ﬁres T°x F£ = Pres T°K f‘ )ores
110.0 47,8 132.0 53.7 180.0 60.5
120.0 5242 134.0 5348 200.0 63 .4+
126.0 53,7 40,0 54 .6 220.0 66.6
128.0 Shel 150.0 56.0 240,0 69.6
130.0 53.5 160.0 57 k% 260.0 7265
280,0 7545

@Data obtained by substituting values taken from single

crystal curves into Equation 5.2.
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C. Discussion of Errors
the estimated error in the measurement of the magnetic
mcment per gram is derivable from Equation 9.2 and can be

expressed in the form

[ R A AR N IR
where P = %E . :
Z

The estimated error in g is 0.0l per cent and is negli-
gible. Values of m were determined on a semi-micro balance
reading to 0.0i mg, and m Was approximately 100 mgj; so the
estimated error in m is less than 0.l per cent. Values of
F ranged from 0.0060 gm at low fields and high temperatures
to approximatély 16.6 gm at low temperatures and high fields.
With low values of F, it was possible to obtain weighings
which were repeatable to + 0.0003 gm; however, the sensitivity
decreased to approximately 0.0010 when F approached 16.6 gm.
The estimated error in F is from 5 per cent at low fields to
0.01 per cent at high fields.

The field gradient was calibrated by use of a field and
gradient meter desicned by Thoburp (66). Checks of the
calibration with samples of iron, nickel and cobalt revealed
that an uncertainty of slightly more than 1.0 per cent exists.
Therefore, the probable error in the values of magnetic
moment goes from 5.1 per cent for low F values to 1.0 per cent

for high F values. Values of ooo,o were determined from high
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F measurements; so the error in o is approximately 1.0

o°,0
per cent.

The error in the magnetic field is about 1.7 per cent,
which corresponds to 360 oersteds at the highest fields
measured. Since the demagnetization correction was of this
same magnitude, the error in the demagnetization correction,
‘which is less than 10 per cent, is negligible. -

Although not properly termed an error, a source of
incorrect readings could be the magnetic history of the
sample prior to an isothermal run. It was determined that
reprcducible curves could be obtained if the sample were
annealed to 509% prior to each set of measurements. It is
felt that the a-axis crystal data shown in Figure 6 for
37.5°K and 45,0°K, which were obtained prior to the estab-
lishment of the annealing process, show the results of a small
amount of hysteresis in the antiferromagnetic state. These
isotherms were taken as part of a series -- 10°K, 37.5°K,
450K «~ with no annealing bpetween runs. The annealing
temperature prior to each isotherm is listed with the isotherm
data in Appendix‘A.

The temperature oI each isotherm was maintained by the
controller described in Chapter IV, Sec. B. Temperature
variations were restricted to less than + 0.05°K. The actual

temperature was determined by a copper-constantan thermo-

couple, and the uncertainty in temperature over the whole
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temperature range is + 0.5°K.
The resistivity was determined by the use of Equation

4,4y, The estimated error in the resistivity is given by

- ’:AV) (AI) (‘Ai;)Z . (%)2]1/2 5.2)

A measuring current, I, of 100 milliamperes was used for
all three samples. The current was controlled by 0.1 milli-
ampere. The estimated error in current is 0.1 per cent. The
potential, V, was measured with a Rubicon Type B potentio-
meter which could be read to 0.2 «volt. Because of internal
thermal emfs, the error in absolute value of emf is stated
as 1.0 auvolt; but the smooth nature of curves of plotted
data implies that the error is much less than this over short
periods of time; therefore, an error 0.3 uvolt is assumed.
The potentials measured varied from 15 mvolts to 490 MVolts
so that errors in V ranged from 2.5 per cent to 0.2 per cent.
The error in the measurement of the resistance of the sample,
therefore, ranges from 2.5 per cent at low temperatures to
0.2 per cent at high temperatures.

Thne error in the determinaiion of the effective length of
the sample, %%, was dependent upon the width of the marks left
on the sample by the potential probes. For the a~ and c-axis

crystals, AL yas estimated to be 0.2 per cent. Some diffi-

1
culty was encountered in measurements on the <1010> crystal.
In order to obtain good contacis for the potential probes, it

was necessary to fasten them more tizhtly than they were
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fastened for the a- and c-axis crystals. The probes pressed
more deeply into the sample; consequently, the marks on the
sample were wider. %% was estimated as approximately 1.0 per
cent.

The errors in the determination of the cross sectional
area wWere approximately the same for all three samples. The
error for one dirxension was l.5 per cent so that %% was
approximately 2.1 per cent.

The total error in the form factor, %, for the a=- and
c-axis crystals was approximately 2.2 per cent, and the error
for the <1010> crystal was 2.5 per cent.

In order to obtain the overall error in resistivity as
given by Equation 9.2, one must combine the error in the form
factor, which is temperature independent, with the error in
the measurement of resistance, w:.ich 1s temperature dependent.
The error in resistivity for the a- and c-axis crystals ranges
from 3.3 per cent at low temperatures to 2.2 per cent at high
temperatures. The error in resistivity for the1010)crystal
ranges from 3.5 per cent at low temperatures to 2.5 per cent
at high temperatures.

Temperatures for the resistivity measurements wers
measured with a copper-constantan thermocouple. The cali-
bration of the thermocouple is discussed in Chapter IV, Sec.

C. Temperaturss were estimated as accurate to + 0.5°K over

the entire temperature range.
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The crystallographic orientations for the three samples

were determined to within one degree.



