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3fireslst1V1ty of magnetlc REB

CeB6 ls found to be J

_ystgm and cdgld be'understood at least quall—'

5L

fdense Kondo"f

5 v

ftatlvely ln the "Kondo Lattlce. model A T dependence ln'

i

o+ S

6" at he lowest temperatures is- 1d

°

.J.lnterpreted to be(caused by an electron-electron scatterlng

,tlcal predlctloné The thermoelectrlc power of REB

-?of Baber type.} The°magéet1c re51st1w1ty,of the REB com-

6

e L

Hpounds in. the antlferromagnetlc phase, has a temperature

.

3 C 41‘

dependence of T : T . whlch is con51stent w1th the theore—f

§‘_.

has a non-‘
6 R

llnear behav1our ln T at low temperatures that 1s assOc1ated
R
w1th the phonon drag and magnon drag effects. We have

. L

determlnea tne critical expuueutb LIUN‘LLLLLde resrstrvit&

R
&

SR

fstudles and have found that Ehe temperature derlvatlves of

e

AN

':the re51st1V1ty and the thermoelectrlc power in the v1c;n{ty

L

of T are llnearly related. o ; I ' i : {

L ,

' We have measured the magnetoresxstance (MR) of the
antrferromagnetlc REB6 in the'magnetlcally ordered”state as

. -

well as . ln the paramagnetlc‘state and have £ound the fleld

(H) and the temperature (T) dependence of the MR. The

R 9_

»anlsotropy in the longltudlnab’and the transverse magneto-

.\l

hr651tance is ass001ated w1th the anlsotroplc conductlon

~

.

ive
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Yo . CHAPTER.1

~ INTRODUCTION

s ’Recently there'hasfbeen considerable interest‘in”the.
- broad xange of phy31cal propertles encompassed by the rare

:earth hekaborldes (REB RE==rare-earth0, generated by the

6' &
‘work of MatthlaS‘and coworkers (1968 l968a) 'At\present \

~

?_the phy51cal propertles of these hexaborldes are neither
completely determlned nor understood These materlals ex-
'hlbrt a varlety of magnetlc and eléctronlc propertles.
‘.LaBG 1s non- magnetlc andlbecomes superconductlng below ~2K,

CeB6 1s antlferromagnetlc below'~2 4K and is con51dered to

‘be a:"dense Kondo" materlal SmB6 eghlblts valence fluctua—'

¢ (RE=Pr, Nd, Gd, Dy,.Tb

"and Ho) order antiferromagnetically atmlow”temperatures.

-ting properties whlle cher;REB

‘The'REB6 compounds have a CsCl drystal structure w1th a

rare earta ion at each corner of the cube and a B6—octahe—

dron at the body centre. The trivalent rare earth ions in

‘quEBG compounds contribute one'electronfbowards the conduc-
tion band and two electrons .to the valence band. It is

clear that the trivalent REB6 arelmonovalent metals from

‘nth# Fermi surface 1nformatlon and band structure calcula—

6

tlon for LaB by Ishlzawa et al (1977) é" ‘.”
.'Thefmagnetlc propertles of CeB

6 have been’ 1nvest1—

gaﬁed recently by Kasuya et gi,(lQSl)‘and lt has been found
' ‘ ." ’ . . ‘ .

- to be. a "dense Kondo" materialjin the sense that the

e ‘.t

.



" netic susceptlblllty\of PrB

. (‘ ‘ . : .
’ . _ . -
~'re51st1v1t1 decreases as log T from ~3 3K’ to rOOm tempera—

SAC,

ture. Kasuya and his coworkers at Tohoku Unlverslty

XJapan) are actlvely 1nvolved 1n a detalled magnetlc study
Nay
\ .

of'CeB6 There has\been an experlmental ‘'study of .the mag1

& »

NdB GdB_, and DyB (Paderno-

6’ 6’ 6
et al, 1967; Hacker et al, 1971 and Hacker and Lln, 1968);5

-

Specific heat studles.(Westrum et al L968; Westrum,.l968;
McCarthy et al, 1980; and Lee et’al, 1970) have shown. that.

PrB NdB, ‘and GdB go through a second order phase transi-

6’ 6 6 A
tion in orderinglfrom the paramagnetic phase to an anti-

: . ' v
ferromagretié phase at low temperatures. A recent study by

McCarthy et al (1980) has shown that PrB, has andther phase

6

below ~‘4K'i'n the antiferrohagnetic regime. Although resrs?

C tivity and magnetlc torque measurements by Nozakl et al

©(1980) on s1ngle crystal GdB have shown the presence of

6

a lower temperature Dhase below ~7K,. the detall of the ‘Tmag-

netic structure of GdBE is not yet known. The recent

neutron-diffraction studies on PrB6 and NdBGIby McCarthy
- r :

et al (1980) and McCarthy and Tompson (1980) have identified

‘two'phases for PrB, and one phase for NdB, in their .anti-

6 - 6
”ferromagnetic regimes. Resistivity measurements by Fisk
and Johnston (1977) and Fisk (1976) on PrB. and NdBﬁ, with

partiCular interest in the remperature region above the
Neel temperatures (TN), have shown that the resistivity

. data of PrB6 can be well explained rf one takes into account

7 the aspherical Coulomb interaction between the conduction
electrons and the f-electrons. It is believed tha® such
St .
L1

N



aniSotropic SCattering in NdB is not 51gn1f1cant. At the

.6
same tlme theIr flt to«the data in’ the ordered state b@low

TN was-not at,all satrsfactory..

It is believed that the interaction between madnetic,i

-

moments of rare earth 1ons 1s not due to dlrect exchange

'anteragﬁlon._ Magnetlc f—electrons in a rare earth ion are
well localized and there is no 51cn1f1cant overlao oﬁ theA
'charge distribution of f-electrons on different rare earth

ions. It is thought that in metallic REBGAthe magnetic
- moments interact mairly via the conduction electrons. Suohi

fan‘interaction is called the RKKY (Ruderman, Kittel,
Kasuya and Yoshida) interaction, borrowing the initials.of

:the pébple who developed the mathematical model for such an

interaction{ )
There is llttle exnerlmental data for REB6, particu-
Jarly:n thevordered state. To determlne and understand

the physical'properties of REB6,~we have‘conducted experi-
mental studies otfthe transport properties (e.g. resisti—
vity, thermoelectrlc—power and magneto re51stance) mith
particular interest in the magnetlcally ordered state.

From measurements'on:.non-magnetic'LaB6 it is known that the

resistivity does not,change significantly below ~30K. This

means that the phonon resistivity of LaB, and therefore of

6

the other isostructural hexaborides below ~3OK is very weak.
. Since'all the REBG studled ‘here have thelr antlferromagne—.

th -to- paramagnetlc phase tran51tlon temoerature (T ) below"

~25K, it is possible to extract the magnetlc contrlbutlon



Eo the gésistivity easily. .At‘the séme_time, since these f
compounds aré cubic, the resiétivify is expected to be iéo—“\
vtropic; hénée polyéryétalline samples could be used for'the
‘-s;udy. , . - | . | ‘ ‘,' .
The critiéal scattéring’(i.e.‘the~scat£éring in the

vicinity of'a‘magnetic phase transition tempe;ature)'of

O/antiferromagﬁetic metals is neither clearly understood nor}
has there been-mﬁch accprate'and‘aetailed experiﬁental/
»Qork done. We héve measured the critical resistivity and
the.thérmoélectgic power of the aqt;ferromagnetic REB6

metals in the vicinity of their Neel temperatures. | A com-

parison of ‘these data with the present théOrgtical.predic—

.

'tioné provide§ the first comprehénsive te%t‘of‘the resisti-
vity célculations.and of the:theoretical predictidn of a
universal critical behaviour of all the transpért.cdeffi—
cients.
‘Accarding to the theoreticél and experimeﬂtgl studies

of Fert and coworkéré L1977, 1977a, 1374 and l§80) there

is an anisotropic intefaction between'thé‘conduction eleé—
trons (k) and f:electrgPs in a rare earth system with L?éo
(where L is the total ofbital angular mo@entumaofAthe rare
‘earth ion). 'Aqisotropic k-f scattering ékhibits itself as
anisotropy ig the magnétoresistance (ﬁR), that is, the
dependence of thé MR on fhe diréction-bf the external mag--
}netip'field with respect to the direction of the samplé

current.



The MR of antiferromagnetlc'metals hWith,localized'J
magnetlc moments, has been 1nvestlgated theoretlcally by

 vamada and Takada (1973 l973a) a decade ago.-.There_ls no

theoretical work,‘to our'knowledge, on the MR of anti—

ferromagnets with. locallzed moments- where the domlnant mag—,'

'netlc 1nteractlon is of RKKY type.‘ We have done a system—

atic eiperlmental study of the MR: of antlferromagnetlc REB6

From the susceptlb;llty work on dilute alloys of

[L aj. XGd ]B by Felsh (1978) it is known that these alloys

with 0.0035 < x < 0.0812 show a spln-glass behav1our. A
"spin-glass is,a fandom dilute magnetic”ailoy that shows a
magﬁetlc.transition‘at a wellvdefined temperatnre'lf below
which the spins become locked'an time but‘oriented/in ran-

dom directions. There have been extensive experimental
studies of spin-glasses of dilute 3d transition metal impu-
rities in noble metals such as AuFe, CuMn and CuCo etc.

" The theoretical formalism of spin-glasses is still a matter

N

of active discussion. It is believed that the. interaction
.betwegn 'the magnetic moments responsible for random locking
"ofvthe spins below Te is via the conduction electrpons and

is of RKKY type. ThiS'iItéraction is best suited for sys-

‘tems with well localized magnet}c‘moments,.such as the

rare earth ions. The noble metal—transitlon metal alloys
suffer from complioatio s because the direct d—d exchange
interaction is larger and at the same time these.alloys

frequently exhibit a resistance -minimum at low temperatures,

.more cdmmonly known a

/
/

the Kondo effect. F@r these reasons



fathere is need to . study dllute alloys where rare ea;th ions
b ] ‘.1
*“form the randomly dlstrlbuted spln systems. :

We have studled the transport propertles (re51st1-‘

4\'

vity. and thermoelectrlc power) of varlous [Lal_dex]B_6 and
[Lal#ny ]B alloys. To our sﬁxprlse we have observed
spin- lass behav1our for even’ 28 atomli percent of Gd3 in

[La -x Gd ]B .alloys. We have also studled dllute yttrlum-

rare earth alboys. These alloys!are also spln glasses

,for low concentratlon of rare ear/hs as shown by. Sark1551an
and Coles (1976) except for Y-Ce W&gch dlsplays the &ondo

effect at low‘concentrations. Y falls one period earlier

U a ,,':‘.

than La in the perlodlc table and has thé‘same electronlc

structure as La in its outer shell and is therefore a use-
ful element with which to dilute the rare e;xth interac-

‘tions. ' o \yﬁ
We have undertaken the present study kegplng in mind

. Q\‘
that there ‘is a need to have a better understandlng of and -

-~ ‘\‘xd

to detemmine.the varlety of physical properties dlsplayed

by the rare earth hexaborides, fheir alloys and the Y-RE"
, - ‘

% T

N e

pectively 'a thepretical background relevant to the rare o

~earths and their transport properties (Chapter 2), a des—'“:ﬁ

3

-crlptlon of the experlmental procedure and technlques used
(Chapter 3), the presentatlon of the experlmental results

and the analysis and discussion of the experimental results

»

Y

alloys. B . . SR ‘
e The next five chapters of this thesis include é@sf\\\;;///



of RE86 compounds (Chapter 4), [La,'RE]B6 aildyéy(ﬁhapter 5)
and "¥-RE alloys (Chapter 6). Finally, Chaptér'zféontains a

summary of the results and conclusion. : L

) . . ‘ o ! . . \(’



- CHAPTER 2

BASIC CONCEPTS AND TﬁEORETICAL_BACKGROUND

2.1 The RKKY”Intéractiéni'

» : S : v
The first row of rare earth elements in the Perio-

‘dicﬁTable} also known as the 'Lanthanidés', have very
‘Similar chemical properties. The electronic structure in

the atomic’ state is given by

(1s - 4d) 4£" 552 5p8 sat 6s?

where n’' runs from one to fourteen. The trivalent .rare

3+ 1

earth.ions (RE°") have the same valence electrons (5d 652)

responsible for the similar chemical properties.

2
1

It is the unfilled f-electron states that are res-
ponsible for magnetic propértiesiin rare earth systemsjr"h
These f—éleétrons ‘are screened by filled outer:électrén
~shells. The méan radius of thé'4fushells is one téﬁth of
hthe interionic spacing in rare earth metéls. Hence, even

, . ¢
in the metallic state 4f-electrons retain their locaiized'
atomic character. This is the basis for most of the mag-

' 3 . . .
netic properties of the rare eavrths, their alloys and
Icompounds. | |

The localiZatign of 4f—eléctr6ns suggests that the
direct exchange interacﬁ*on between the magnétié’momenté
of different lattice site%_wpuld be too weak to account

for the magnetic properties of these materials. The

exchange interaction for coupling between localized



‘ . ,
magnetic mo@ents,islthonght‘instead to be indirectl ;his
indirect exchange interactfoi'in metallitlsystems'is'med_
iated by.the.spin.polarizatidn of the conduction electrdns;A
The way in whlch’conductlon electrons can polarlze and .
‘propagate was dealt with flrst by Ruderman and Kittel
(1954) . The theory was further developed,and extended to
.s—f and;s-d interactiqné‘by Kasuya (1956) and Yosida
(1957)vand'is now,eommonly known aé RKKY theory.’ The sbin;
polariZation of the.cbnduction electrons is tound to )
_oseillate with distance and’ has a'long range.

’

In the RKKY approximation an s-f 1nteractlon can
be described in a simple way as,follows. g%é exchange
1nté?actlon between a conduction- electron spln 3 at a
distance ¥ and an ’ionic spin §-at site R can be wWritten
as | |

H . =-A(F-RZ.8 . | (2.1)

' In the RKKY approximatiOn A(§—§)==Ao5(§—§) where A is the
exchange‘éoupling’constant for the s-f interaction. The
,Hamlltonlan H ﬂ'ls spin dependent hence conduction elec-
trons of dlfferent spins respond dlfferently to the. per-
turbation created by a single ionic spln S. .The result
~will be the spin polar;zation df the cpnductinn-electron
gas.v In the RKKY approximation the spin polarization of

the conduction electron at site R' in the free—electponf

gas model will be given by



S

§(§W =Ag Zx(q)exp[Lq ( m] ;. . o (2.2)
) q : .

" where the wave vector §=$ﬁ'-ﬁ,ana x(%) is given by the

A

.- expression,
»

g + 2K

, ' 2
5>, - MRg 4K%-—q
x(q) = 1 + —

2

ln{ £
4K q

— | . (2.3)
q - 2K¢ ] ,

The polarlzatlon produced by one ionic spln at R w1ll
‘ @

1nteract with anothel spln at Rj through H S—f° The effec—

a

tlve exchange 1nteractlon between the two magnetlc ions

‘can be shown to be

> > S :
Hyy =7 I(R-RHOSLSS o (2.4)
whefe
| §12222 2 . L
J(R,-R,) =—=L"2 ¢( K. |R~R.|) . : (2.5)
; 1] 292Ef A .

In the above -expression z is the number of conduction
electrons per atom, Q is the atomic’ volume,and the func-

tion ¢(x) is given by
. 4

- Sin x\— X COs x
o (x) = 3 .

(2.6)

It is evident ehat the‘RKKY»reSult has a long range,

] oscillatory behaviour falling off ee eos(2Kfr)/r3. iThere
are two impoftant"conSequences of fhis. agnetic codplih&;
First, the magnetic interaction has. a loné'rangeﬂcharac—

. ter, much longer range than any direct exchange interac-

tion. Second, a large variatien of the coupling strength

10



) - . (.Q;ffc]
and even reversal of 1ts s1gn is p0531ble w1th small
changes 1n the relatlonshlp between the interionic dlS—
tance. and the perlodlclty of the spln dens1ty.
K The exchange 1nteractlon is always between the
spins 3. In the case of rare earth ions there is strong
spin—orblt_QOUPllng'Ln the 4f shells and 3 is not,a-good

quantum number. Invsuch'a situation the ion is specified

‘ by its total angular momentum 3. Upon eliminating L

(the ‘total orbital angular momentum) between the relatibdns,

f-f2§==g3 (g = Lande g-factor) and_f-+§:=3, the spin (3)
.may be replaced by § ='(g—1)3{ Then the :exchange Hamil-

tonian'Hi_j can be rewrittenas

" T, B > o> 2-> + . ‘ ) 5 7
Hy = o I(RmR) (T TSy (2.7)

The interaction between two‘ions is much more com-

 plex if the anlsotroplc terms are lncluded inH S—f" There

has been some work to 1nclude anlsotroplc terms by Kaplan

P)

and Lyons (1962) and:Specht (1967) . However, thus far the
isotropic exchange interaction (RKKY type) has been found

to be fairly good for a qualitative understanding of .

experimental results.

An exchange interaction, such as the RKKY interac-

tion, which alternates in sign with increasing ‘interionic
distances is potentially capable of accounting for various

kinds. of magnetiélordering. If J(g) has a maximum at q=0

then it favours a ferromagnetic alignment but if the

11



N

ma§§mum occurs. at -the edge of the Brillouin zone then .the

exchange interaction.’favours antiferromagnetism. A maxi- .

&

mum°in J(q) between the origin-and the zone boundary can

account for spiral-spin arrangementg

—a

2.2 Resistivity
o . Y R I &
In a hon—magnetic metal the conduction electrons.

are scattered by two processes, namely by lattlce 1mper—

’

fectlons and by phonons. Assumlhg that these scatterlng

processes are lndependent,,the individual resistivity con-

Ll

tributions will be additive (Matthiessen's rule) and the

total resistivity of a'non—magnetic metal can be expressed

‘as. »

p:

where péuis the‘residual reslsti?ity dué to impurities and

statlc crystal 1mperfectlons. The phonon resistivity pph

~

arlses due to electron- phonon scattering and may be appro—

x1mated by pph<xTn at low temperatures_and p-hérT above

the Debye.temperature. A general express1on for pph

glven by the Bloch Grunelsen law (Ziman, 1960). .In some

"is

metals (e.g. Li, K, etc.) at very low temperatures another

contribution to the resistivity has been found due to

-

electron- electron lnteractlon (pe e). This Pe é has'been
found ‘at low enough temperatures that pph is negllglble,

to have a temperature dependence of T2. v

pO + Qph . szgrB)”

12
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In mabnetlc metals an addltlonal contrlbutlon to

the re51st1v1ty has to be taken 1nto account.' The'Contrlé}

bution p mag describes the scatterlng processes of conduc-'

tion electrons due to the disorder in the arrangement of°

,the magnetlc moments. Therefore,‘the total reslst1v1ty of
a‘magnetlc metal (assuming that Matthlessen s rule 1s

' valld) can- be written as

°

Ty = o * opp(T) + ppa o (T) . : - (2.9)
'\’“ s . o X .
The resistivity of a magnetic material couldjbe
conveniently studied in three temperature regimeét”?These
" refer to the paramagnetic state-(when'Tszb),lthevmagnetiJ

cally ordered state (when T <TO)'and'the critical resistiv

)

vity in the vicinity of the ordering temperature (To).

>

2.2.1 Resistivity'in the paramagnetic state (T >T_)

:\

The 1nd1rect exchange lnteractlon between -the lo—

calized magnetlc moments via thefapnductlon electrons »

(dlscussed In prev1ous sectlon) leads to a scatterlng.

process ‘which 1s dependent on the 1on1c spin. In-the

[snl} °

paramagnetlc state where all possible spln orlentations

are equally probable, the magnetlc contrlbutlon to the

re513t1v1ty (called ‘the spln—dlsorder res;st1v1ty, o )

spd

has(been calculated by de Gennes (1962) and Dekker §l965)V5.

~and can be wrltten as . . B LoC

. o
' 3wm*A2, A . ' A o
o, = (g-1)° g(3+1) , . (2:10)
spd 8heanf _— ST

s

1

 13“



‘an estlmate of p

-schematically in‘Fig.'Z.lL:f S ' . i

-

spin waves and hence the resistivity due to electron-spin--

~

' where m* is the average effective maSS‘offthé3conduC'ion

3

447¥eiéctrons;" The above result shows that well above T the

o - -~

: “fspln dlsorﬂer re515t1v1ty is temperature 1ndependent.

Another 1mportant conclu51on that can be drawn ‘from the'f

above expre581on is that p pd is proportlonal to

(g-l)“J(J+l) (Galled the de Gennes factor).. For rare

“
-}

earth metals thlS relatlonshlp holds falrly well and

E |

1mp11es that for localized- magnetlc moment system the

RKKY theory is appllcable and glves at least a qualltatlve*

understapding of the.magnetic behaviour.

-?or temperatures*above»T the inerease in resisti-

v1ty 1s “due to the electron -phonon interaction.” To get

vity above TO to zero temperature can be done &5 shown

Ed

2.2.2 Resistivity.in the’ ordered state‘(T~<TOl

At low temperatﬁres(T<<To) the magnetic scattering
is beSt'discusseﬂ in terms of a spin-wave model. When all
spins are in the ordered 'state, the spin-wave excitations

are'négligible-and there is no 'spin-wave contribution to

the resistivity. But as the temperature is raised the

. spin alignment is disturbed, leading to thermally excited

s -

wave scattering increases. The electrical resistivity due
o 4

to spin-wave scattering in ferromagnetic metals has been -

palculatedfby Kasuya (1959) and Mannari'(l959). More

pd’ llnear extrapolatlon of the resisti—

14



Fig. 2.1 The varjation of the resistivity (p) of a magnetic
- metal with temperature” (T), showing the various
contributions to the resistivity. :



recently, Rivier and.Mensah (1977) have calculated the

“resistivity of a magnetic material in the ordered state. i
Accordiné to them the resistiviﬁies“of'a magnetic metal-

or alloy can be expressed as

(2p+4) /n
Pmetal ~ T R S
o ’ o (2.11)

~(2p+3) /n ‘ . '
Palloy ™ T R

where n- and p are deflned by the dlsper51on relation of

the spln—wave~exc1tatlons and the form factor (FK) as
follows,
_ !
= pgh
EK = DK -
' . (2.12)
F, = FKP |

where D and F are constants and K is a wave vector For

51mple ferromagnetlc and antiferromagnetic materlals, the

l

spin-wave dispersion relation is quadratic and linear

respectively,i.e., for a ferromagnet n=2 and for an anti-

ferromaénet(n==l. The form factor becpmes a constant with
.. pP=0 when it is dssumed that there is a poigt exchange
interaction between the conduction electrons and localized
ﬁagnetic.mdments.dﬁHence, the‘spin—wave rgsistivity fof
magnetic materiais cén‘bé-writtén as

o 72 Ferromagnet _
P " : . ' (2.13)

metal T4 Antiferromagnet
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B o
alloy T3 Antiferromagnet

Ferlr'ém‘a.gnet 0 ,: - .
| R (2.14)

2.2.3 Critical resistivity

Dufing the'pasf-few,years there has been consider-
éble iﬁtérest”in sﬁudies'of the critical scattering of the
conduction-electrbnsdhear.magnetic phase trans@éiéné. The
first account of critical'resistiyity was given by
de Gennes and Friedel (19583_using‘a simple model in thch
free electrons are linéérly coupled to lbcalized spins.
“FiShér léhd'Langér'YIéGBf ha&e shbwn‘that-the magnetic
resistivity of a ferromagnetic metél7iﬁ the vicinity of
the‘ferromagnetic to paramagnetiq transition temperature
(Tc) is due to shortfraﬁge spin fluctuatiogs; Hence the
;temperature derivative of the'resiétivity and the magnefic
specific heét (Cm) should vary 4as tfa for T-+’I‘C (i.e.T‘zTC),'
where the reduced temperature t = !(T—Tc)/TC|_ T

Present theoretical studies (Fisher and L;nger,w
1968; Richard and Geldart, 1977; Geldart and Richard, 1975;
and Alexander et al,1976) suggest that the critical resis-

tivity of a ferromagnetic as well as antiferromagnetic

metal should have the temperature dependence of ‘the magne-

tic energy. Hence, in the vicinity of T, (or Ty) (for

both, above and belowVthémbfdéfiné’temperaturéf ’ i
do cx:“ . "c,;.'_b v‘_a . ' ' ) t Lo L S " -‘.'.
at = ‘m # T o o (%'}5’,

One therefore expecﬁs a divergence at Tc (or TN) in- the



Lo

: tempefature derivative of the-resistivity.A-The tempéra—'

-

ture derivative of resistivity of antiferromagnetic metals
» - .
has been found to have a negative .or positive dlvergence

at TN dependlng on- the material and crystallographlc
‘orientations. The»51gn of the dlvergence is found to be

determined by the Fermi surface geometry and the magnetic

reciprocal lattice vector Q of the ordered state (Richard

‘and Geldart, 1977; Balberg, 1977; and Balberg and Maman, 1979) .

Richard and Geldart (1977) have shown that for Q,<2Kf and

for Q >2Kf

dp/4T at"I‘N willNgave a negative and positive sign respec-

(Kf is the Fermi wave vector) the divergence in

tively. Materials with ﬁegative divergence are classified

“as_type and those with positive divergenceg are classi-

fisd ‘as type II antiférromagnets.

Renormalization-group theoretical studies
" suggest that for the temperature region Qhére the short-
range spin fiuctuations age dbminant, the critical
exponents depend only on the.physical dimension (d) of
the lattice and the number of degrees of freedom of the
spins‘(n). There have been theoretical calculations/of
the cr}tical egponenté for d =3 systems with several
valﬁes\of n (Bak and Mukamel,1976;and_Leguillon and 2inn-

Justin, 1980} .-

-

18
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2.3 Thermoelectric Power (TEP)

The thermoelectric power (TEP) of a simple metal can

be written as

ST =8 (M) + s (), (2.16)

‘where Sé is the thermoelectric power due to electron diffu- ”
sion and Sg is the phonon drag contribution to the TEP.

The standard expression. for Se for a cubic metal is given

by _ 5 2
T K
S (T) = —Z2 T {a lnf’ﬂ(s)] o,

e ) ot e=¢

f

(2.17)

where e is the electronic charge, o(e) the conductivity as

’

a function of electron energy e. Starting from . .
2
1 e 1.[
o= —= S Z|zanr ,
T3 B3

)

where the integration id to be carried out over the whole

Fermi surface, one considers g to be a function of energy

and writes - ot
3lno(e) _31n2 . 31lnA (2.18)

3¢ Y EY !
wheré_l is thelelectron mean.freé‘path and A is the area df
the Fermi surface. The first term on ﬁhe right hand side of
'equétion (2.18) is positive s%pde more energetic electrons
are less.easily scattered than slower electrons and_tﬁgg:>
héve longer paths. But the second term depends on the
detailed geometry of the Fermi éurfaCe.and it can be posi-

tive or negative. The electron diffusion TEP is expected
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to be linear iﬁ T for siﬁple metals,as predicted by
equation (2.17). 7 . ' - L

| | At low temperatures the TEP: of even the simplest
metal has beeﬁ.found to dev1ate'erm linearity. +This
deviation_has usually beeﬁ'attributed to the phenomonon
of phonon drag. This process can be described in a simple
way as follows. Any temperatuie gradient gives rise to a
flow of .phonons which through the electron-phonon inter-
action drag electtons w&th them creating abpotent;al
difference betwggn the hot and cold end of a metal. A}se-_
an electric Gurrent carried bykthe electronS-in:an iso-
thermal metal transfers some‘of its momentum to the phorions
and drags them along with it.

| Theoretical studies of the phonon drag TEP (Sg).> o

have been done by Bailyn (1962) and Guénault (1971). They
found that SglVaries as T3, that is, it is proportiornal to
the lattice specific heat. The sign of Sg depends on
whetﬁer the electron-phonon interaction 1is predominantly
of.fNormal' or 'Umklapp' character. In the case of N-
processes the phohon current can drift in the same direc-
tion as that of the electren,-leading to a‘negative Sg\\\‘
whereas U—processes’may lead to'a positive Sg.
- At high températures the’ phonon-phonon seattering
dominatés the eiectron:phonon interaction. This leads to
quenching of Sg at hlgher temperatures as shown by

Guénault (1971), hence*accordlng to equation (2. 17) a

linear temperature dependence of the TEP is expected at
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3h1gh temperatures, whlch 1s consrstent w1th the experlmen+

RS e cn s R v sy e i .
s e T A

~

For magnetlc metals contalnlng locallzed magnetlc

“moments there has not been much theoretlcalllnvestlgatlon

'm.of the TEé The magnetlc contrlbutlon to the TEP of a

ferromagnetlc metal-in- a molecular fleld approx1matlon has

-Tbeen calculated by‘Kasuya (1959) ..In magnetlc materlals

the possrblllty ex15ts that -the electron may be drlven
along the temperature gradlent by the magnon thermal cur—

rent,. thus creating an addltlonal contrlbutlon to the TEP

: namely the;magnon drag S . Assumlng that the various

\

Y

,‘metal can. then be expressed asA" ' R

The'effectbe.the'magnon drag was first discussed by

Bailyn (l§67). He found that the expression for S is

'fvery 51mllar to that of phonon'drag (S’) W1th the ‘same- <

;temperature dependence (T ) and can. have negatlve or p051—'

a

tlve sign dependlng on the domlnance of N processes or U-

IS
<

processes respectively.
In magnetic metals ‘the TEP at higher temperatures
will ‘have a contribution due to spin disorder scattering

(Sspd)' To our knowledge there has not been any theoreti-

cal calculation of S spd In order to estimate the contri-

bution of S_ follow1ng Gratz (1981) and Gratz and

spd’

Zuckermann (1982), ‘one can analyze the experihental data

. contrlbutlons are 1ndependent, the total_TEP‘for‘a.magnetic R

o

Taoy



using the~Nordhein¥Gorter rules

o e
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- ‘X 1 S, , . "'- | . o (2_20‘) ,
i. N .‘ o

5. 5i

where 1, Py and Si respectively denote the scattering

' mechanism, the resistivity and the TEP due to that mechan- .

ism.. For a non-magnetic metal one can write,

o
Snm = Q S
p "o g

and for a magnetic material,

o 0 o
s = 25 4+ 9g 4 _spd g . C (2.22)
p¥ o P g P spd:

where S','Sé and S;Ed are the contrlbutlons to the TEP due
‘to 1mpur1ty scatterlng, phonon scattering and spln dis-
Aorder scatterlng respectlvely and p, pé, pg and o spd

. represent. the total re51st1v1ty, the residual re51st1v1ty,
the phonon resistivity and the spin disorder resistivity

respeCtively.' With the assumptlon that the lmpurlty and

“phonon contrlbutlons for thellsostructural magnetlc and

L;._non—magnetlc metals are: the same to the flrst’approx1ma—

P

tlon, one can wrlte an‘expreSSLOn.for S as,

spd

Sépd = (Sm - S-nm) p/-pspd . © ' " (2.23)

Such a technique has been used by Gratz'(l981) and Gratz
- and Zuckermann (1982) for some intermetallic rare earth
compounds and_SSpd have been found to be llnear in temper-

ature with positive as well as negative signs, depending

on the material.

0 .
+ 7? S , ) B (2.21)"
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The .TEP ahomaliee observed at ferremeQFetic and
_antiferromegnetiC‘ordering temperatures are:cha;acteri;ed
by thefepecific—heat—like divergences in the temperature
deriVaﬁive of the TEP. The e;astic andﬁihelastic‘cent;i—f
butions to ehe fE? ih the vicinity of the ordering tempera-
ture were shown by Helman and Bélberg (l978)'te have the
eritical temperature dependence of the statiC'spin—spin
correlation function (i.e. the temperature dependence of
the magnetic energy). With the assumption that the non-

:

(or TN) are only weaklyitemperatu:e dependent, the tem- T

»critiCai:contributions to the TEP in the Vicinity foT

perature derivative of the TEP has the same temperature
dependence as that'of‘the magnetic specific heat Cm' i.e.,

«?

T as e o o |
gR ey - - __(2.24)}

- From the earlier discussion on:the critical resistivity we:

know that - CoeeI Lt e B I T
R ' UL e
e N

[ P

PR
Lo

Hence, the behaviour of the temperature dependence of
dS/4dT -and that of'do/dTlare intimately related and( as

- predicted by Ausloos'(l977n_}§78%,end Helman and Balberg

(1978), they‘peesess.a universal behaviour irrespective of

the scattering processes.. One expects a divergence in-

ds/d4T at Tc (or TN) which has the same behaviour as that

>

PO N

*of dp/dT and -one can ekamine this result in the vicinity = .

o -

of T  (or Ty) where: L e 3"'1?ﬂhff5



;,configur?tion and the metal.

as  dp- | | o K ©(2.26)

Experimentally, such a behaviour has been fonnd for several

ferromagnetlc*metals but - the SLtuatlon for antlferromagne—

tic metals. is Stlll far from &lear. :
\\\ ) .
?

2.4 MagnetoreSLStance (MR)
, T

The change 1n the re51st1v;ty of‘a metal in a mag—

-

netic field, called‘the magnetoresistance, transverse

. -
SR S e “ s

and longltudlnal ( ) when they are parallel is expressed
as the ratio _ ,5.- C AT

Ap .chjT)f‘Q(OzTy',”-‘.

24

(TMR) when the spec1men current and fleld are perpendlcularr

- Iy, T ey

LA p(Q,T)

where po==p(0,T) is the s¥stivity at zero field and tem-

<

perature T and p(H,T) it the resistivity at field H and.
‘ ~:‘0“A,_. . .

P

. temperature .T..-The magnétoresistance, being a second-

order effect, is not well understood at present. vHowever,\
for magnetoreSLStance onerged%ral rule, known as Kohler 's

rule (Kohler, 1938), usually describes the experlmental

‘results for non-magnetic metals. This rule can be ex-

pressed as

B
O

©

o

where F is a function that depends only on the geometrical
. . : .
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,Adsimole“calcnlation shows*thatﬁihfthevfree'eleo;v

- tron model the TMR vanishes and for an electron system
with spherlcal symmetry the LMR cannot ex1st (Zlman,l960)
However, with a more complicated theory, particularly .
,u§ingathe method of Jones'ananeber (1934) it was shown
vby~iiﬁan'(l9600 that:whereqthe:cbnductioh electrons may

be considered to be in_two bands the MR could be wrlttenj,:ﬁr

as |
_ 2 | | -
(Ap/p_.) =B . H | o R
. o i . L . : o . ‘ s .
. _/' . 4 . . o n — B . “ “ _ —- e . (2.219~) o e
. . -._ ‘ ‘_ 2 e . - . ‘
,? AO/oo =B H

Al i

-

'TWhetedB "and Bllare bransverSe and'lohqltudlnal coeffl— o
cients. ThlS suggests that the- longltudlnal and transve se,
MR are of the same order of magnltude for non- magnetlc
metals. |

o In the case—ot'dilote'maghétié alloys:;dd«tatel
earth metals there are several theoretical investigations S
“0of MR (Kondo; 1962 and Yosida, 1957). The emphasis bas

been for ferro or paramagnetic spin ordering whioh leads

to negative MR. This comes from the'suppression of’the
locallzed spin fluctuatfbns by the - external magnetic

field. Here, we shall concern ourselves malﬁly w1th antl—

’ferromagnetlc metals in whlch the situatior is far less

v 2

P

clear. To our knowledge the only theoretlcal calculatlon
«.of the MR, of,an antlferromagnetlc metal w1th locallzed

‘.pagnetlc mements, has been done by Kamada and Takada(1973,574'



Heisenberg model. They have done the MR calcnlation for

26

l973a).‘ They have used the random phase approx1matlon

"(RPA) for locallzed spln systems descrlbed by the

the s-d model within the assumption -that the s-d scatter-
ing strength (J) is much smaller than the Neel temperature,
i.e. Tﬁ>>.I. Tn the rare earth (f—electron)»sYstems'the

magnetic interaction between localized magnetic moments is
Y4 . .

_via the conduction electrons and the s-f exchange strength

;J TN,.hence the Yamada - and Takada results cannot be usei

~

‘for, quantltatlve analysls of experlmental results. How-

ever, sqme of theAldeas-could be used at least qualita-

tively to ‘obtain some understanding'of the MR results.

~

According to Yamada and Takada (1973 1973a) for T < T._ the

N

AMR 1s p051t1ve and increases w1th lncrea51ng fleid (H) up

ENy : “
A B - d vL

to a critical fleld H , the an .ferromagnetlc to. para-

magnetic transition point. There is a rapid increase in

AN
the MR at Hc,then in ther paramagnetic phase the MR decreases
monotonically with increasing field just as it does for
ferromagnets. . The positive MR in the antiferromagnetic

phase has.been associated with an increase in the total

,Anumber of exc1ted magnons in the presence of an. external

_magnetlc fleld and the fleld lnduced enhancement of the

spin fluctuat;onswhlch increases with 1ncreas1ng field

- belowa-LflAbdve~H -the negatlve ‘MR is’ due to .field induced

allgnments of the magnetlc moments in an external’ fleld

.which suppresses spin fluctuations.

o~

Q



Magnetore51stance measurements by Fert and. coworkers

. \ :
(1977, 1977a, 1974, 1980) on dllute rare ear&h impurities.

‘~in noble metals have shown a dlfference in the longldudlnal-
and transverse magnetqiesistahces. This ahisotropy
‘vanishes fot Gd impurities and changes its sign in the
middle of the heavy rare earth series between Ho and Er.

It has been shown that this. anlsotropy is due to an asphe- ?

rical Coulomb lnteractlon between the conductlon electron
(k) and f—electrons and it is madnly due toaa quadrupoélar
tetm;in the~scatterind. YL |
The-k-f interaction between the conduction elec-

trons and f-electrons can be exbressed according to Fert

et al (1980) by the potential
i V.= V_+V__ o+ V., ) L (2.30)

'whereovo is the isotropic potential, Vexvis the isotropic:
Y »
s-f exchange .term and the Van term comes from the aniso-

fropic Coulomb interaction between the cohdhction elec-

trdns and the f-electrons.” This last term vanishes for an

S—-ion (e g Gd )ﬁwlawgege;al éxpression for Vtisfgiven‘by,"
lest (1978). It ha's been shown by Fert et al (1977) that:

‘the anlsotroplc part of v 1s malnly due to the’ quadrupolar_

2

"scatterlng and can be wrltten as

N ' : > > o
v . k ’
‘»VanﬁJqu v qjoz(lc) 02(J) K , - o (?.3}?
"where”aj is the Stevens multiplication factor of the
- quadrupelar operators, O2 is a quadrupolar tensor, Qc is

3
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Fig. 2.2 .

The anisotropy in the magnetoresistance'(Ap/po) as

a function of extermnal magnetic field (E).
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. ‘
- ~the.orb1tal angular momentum of the conductlon electrons

.

“’and JJLS the totai anqular momentum .of. the £- electron

: Lt g -
PR N - O S

syétem. The re51st1v1ty‘cross sectron 1s dlfferent accord~

‘e a A T

1ng to whether bhecnmdrupolar axls 1s parallel oY - perpen—*"

”‘jn @ w6

G

dlcular to the electrlcal current, therefore, producrng

.'dlﬁferent values for the longltudlnal and*the transverSe

" magnetoreSLStances. ThlS mechan;sm is sohematlcally shown_.

s‘..

D in Figl Zfél The s1gn of the anlsotropy ADA”'ADH AQLﬁ,M5¢

(Ap,] is the LMR and Ao is ‘the TMR) depends on - the 51gniﬂf

of GJ involved in the quadrupolar 1nteractlon.“

8; .
2.5 Spin Glass

A spin glass (Ford 1982; Hurd, 1982) can be

~

deflned as a random, metalllc magnetlc system charac-

terlzed by "freezmng"*of“the magnetic moments in random

£

-local or

‘directions below a well defined temperature T w1th no

Lnet macroscoplc magnetlzatlon. For T<<'Tf,
diffuse. excxtatlons may ex1st w1th1n the frozen matrlx.

There has ‘been little theoretlcal 1nvest1gatlon of the

. v
‘transport propertles of spin glasses.

The effect of magnetlc 1mpur1ty concentratlon 1n
a non—magneb;c metal can be descrlbed as follows. At a -
very dilute magnetlc concentratlonx(l e. 1solated magnetlc

ions w1th no dlrect or 1nd1rect magnetlc lnteractlon

between them),there is. the isolate&'impurity.magnetic;“
1o .

moment-conductlon electron 1nteractlon namely s-£f or

+
s—-d 1nteractlon expressed as.Js S, where J is the s—f or’
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‘u measurements and Hall effect studies (Ford 1982) A

F

~to arise bthheARKKY mec¢hanism via the conduction

s-d coupling constant and & and & aré the spins of the

conduction electron and’ the impurity ion respectively.

“»rSuch ‘an 1nteract10n leads to the. well»known Kondo effect

- .
- g

.;3.0 ' - .

for J‘<0 and the relatively less well knOWn reverse Kondo.if’

el - e P

~and Tsang et al (1980) Increase in concentratlon of the

magnetlc lmpurlty .can ‘cause’ 1nteract10n between the mag-—"

netrc moments by an lndrrect exchange mechanlsm of the

» ALY
I

RKKY type. AlthOugh the detalls of the theoretlcal for— ‘

W
kd i " ER [ e -

3

“

"‘electrons.

. Experimental‘identification of T, for several spin
& v

iz

glass systems has'been dOne by low field susceptlblllty

v, wﬁ?" it \nn,v;. cudr g e AN ax a T

T

cusp—llke behav1our lS observed 1n susceptlblllty data at

T Hall-effect measurements by McAllster and. Hurd (l976)

£°
and McAlister (1978) show a §eak in the anomalous Hall co-

s . £ ‘ ) : :
efficient for low fields (e.g. 0.01T) at Tf.
The‘electrical resistiVity has been found experi-

mentally to vary as,T3/2 £

at the lowest temperatures. A theoretical inVestigation

Below T. and sometimes becomes T2

of the resistivity of spin glasses has been carried out by

Rivier and Adkins (1975). They have found'the_temperature

3/2

dependence of the resistivity to be T for temperatures

below Tf. Here conduction electrons are scattered by

mallsm are stlll a’ matter of actlve dlscu951on, the-rnters7'~“*

e

Aacthnpo£Amagnetlcmmoments§inwa_spinﬂglassjis>COnsidered"



expressed as p = AT® - BT

,me

A B

rrrr

[P - ~ . F

The T3/2 behav10ur of- re31st1v1ty has been observed for

‘;;several 3d- tran51t10n metal spln glasses (emg AuFe, ‘AuCr,.
'éuMn,_guMn and AgMn, etc., Ford and Mydosh 1916; 'Mydosh
et -al, - 1974; Campbell:gt,al, 1982). Recently,iFischer S\

- (1979, 1980) have. shown that.the Fesistivity-can be ~.-. = °.

2. <5/2; where A ‘and B are positive

"ts: The above express1on was derlved by taklng

account the conservation of the total spin and with

htheiassumption of a spin diffusive mode}“ The above result

Al

for 'the resistivity of spin glasses is in contrast to the

" experimentally obsetved.behaviour<(poc T3/2) for. several

spin glasses. This discrepancy has been explained by

:vFischerJl979, 1980) on the basis of the presence of ferro-

‘magnetic clusters which will lead at IOW'temperatures to

3/2 At the lowest temperatures the spin waves with a

wave length_smaller than the cluster size freeze out lead-

lng to a T2 dependence 1n res1st1v1ty, conSlstent w1th the_

experlmental results on CuMn, AuMn and AuFe around 1K.
The thermoelectrlc power (TEP) has been calculated
for dilute magnetic¢ alloys by Matho and Béal-Monod (1974)

in the interacting pair model. Recently, Fischer . (1981)

.. has calculated the TEP of spin glasses on’ the basis of an

7

s=d exchange model wlth an add;tlonal interaction potential
4between_the magnetic impurities and the cohduction“elec-

trons which is spin—independent. The TEP of ‘a spin glass

was found to have two contrlbutlons namely a "Kondo"

31
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“Eéfﬁ Sé(T) and a "resoﬁéﬁce",term'sd(T); The "Kondo"

‘Ltpymlsé(rx,reduceSAtoxthe TEP of a Kondo system for the’

2

. isolated impurity regime and the "resonance" term s5(T)

is of opposite sign and vanishes in the isolated impurity

 regime. The superpositiqn of these two terms leads to an

;extfemum.invthe=total TEP and for U< 0-(J is the exchange

ipteracfion coupling constant), i.e. antiferromagnetic

couplihg, thére is a change in sign of the total TEP at

a temperature To’ which depeq@s 6n the Kondo temperaturg
. Fora

épin giass system with J>0 (i.e. ferromagnetic coupling),

1
d

ted impurity regime and the sign of the total TEP is not

(T_) and on.the spinwfreezing‘temperature (T

K

S;(T) reduces to the vwreverse" Kondo value for the isola-

'expected‘to change. Howe&er, one expects a peak in the

<

2., - c o - ..
d&TQH.?At.low~.=.ma=m

temperatures S§(T) has been found to behave as S

while at high temperatures Séch—l. For J<0, S

total ~TEP ‘hetause of the “"resonance" term S

o:T'

i Qo

(T) =T

"4 ét low temperatﬁrés whil%gfhe dependenée is of the form

I

—Sé(T)‘“}]JfTI-B at high témperatures. A theoretical cal-

culation of Ségm) for J> 0 has yet to be done explicitly.

-~
'
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HAPTER 3

EXPERI DETAILS

In-order to meéshre the resistance, the absolute
,thermoelectric;power and the magnetoresistance of metallic

, rare earth compounds and elloys at liquid heiiﬁm tempera-

4

tures, a conventional liquid “He cryostat was used. The

resistance was measured with the help of a direct-current ‘/'

,» .scomparator and .galvanometer-amplifier,- while the- thermo~ - '~ -

' electric voltage was.measured using a potentiomeéter and

the galvanometer—amplifiér arrangement; The temperature

difference across the sample, created by a small heater,
was meéasured using”a calibfated'AuFe thermooouple. 'The;

res1stance measurements in an external magnetlc ileld e wa

- G
B B m T R e PRI o :'-éy,,, o_- 5 LY. "t WY e et e pg T B e
'(40 0 -

produced by a superconductlng magnet, were done up to a

maxlmum field of 30 KOe.

o

The follow1ng sectlons descrlbe .in. some, detail the

o

equipment used and the experlmental technlques employed

in this study.

" -

. . . . -
L ] g LR . .
T e B . “

3.1 The Cryostat
- The cryostah used in this study is shown in Flg
- 3.1., The.main coolant is liquid 4He in a glass dewar
connected to a helium reo;ery line. There are two brass
s
cans, the innér can containsb%he sample, thermometers, and

the thermocouple. ‘The electrical leads enter through a

33
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"

T o - : N o
v"cstafnless?steelhtube?Whlch9156alsorus?d torevacuate,the‘

;-,,_‘.A

JICAﬁL To nalse the—temperature of the sample a- manganlnt Aﬁﬁf:'

.lr.., B

wire heater of ~lOOQ re51stance 1s Wrapped on the. outer

-

¢ wall of the inher can-.- The outer can contalns a carbon.

v e e,

thermometer mounted on’ the out51de of the inner can, and:ﬁilu

electrlcal 1eads to’ the thermocouple and the heater.

O I BN

These electrlcal 1eads enter through another stalnless

"steel tube “£roém "room temperature whlch 1s also used t0'7

xo - e @ v -~

evacuate the outer can.’&'“u 15' T e e

: jThe>speclmEn hqlder is,shown in some detail in
~Fig. 3.1. The specimen K6) iS‘mountedoon.a.copper:plate
(5) but electrically insulated from it. The electrical

‘insulation is achieved by a thin layer of Ge varnish{

.which is a good conductor of heat but is electrically

insulating e electrical contacts to the spec1men were

achleved;by pre'sure contact uSLng phosphor bronze v
springs held on to the copper plate w1th the help of nylon
screws. The contacts were_further improved with a drop
of‘silJer'paint;thhe electrical leads were soldered on
the phosphor bronze spring and the wires'were‘thermally
anchored on a COpper post (10). For the temperaturew
measurements a Ge thermometer (1l1) was glued onto the‘
copper piate.using GE varnish. -

Each time a new sample was inserted at room tem-
perature, the contact resistance at the pressure contacts

was checked with an ordinary ohm meter. Then the elec-

‘trical -leads were soldered onto the phosphor bronZe springs.
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After the lnner can was sealed the heater leads (l3 were

) connected to thelr approprlate pln 51te (9), then the

ta

" irnnger can was evacuated L Then the sample reSLStance was

measured at- room temperature before the outer can was
bolted 1n place and eVacuated through tube 3-f At this-

-

stage some 4He gas ‘was 1ntroduced 1nto the ocuter 'and inner

' cans and the entlre sample holder was lowered 1nto a glass:

3.2 Thérmometry

~A Ge re51stance thermometer was: used to flnd the sam-—
- ple. temperature in the temperature range from 2K to 40K.
The calibration of the Ge thermometer was done uSLn;.a
Chebyshev Polynomlal as described in detatil by Kapoor
(1974) The temperature was measured with an accuracy
of 4mK. A calibrated platinum resistance thermometer was’
used for some high temperature measurements The resis-
tances of the Ge and the platlnum thermometers were mea;
sured by a d.c. re51stancelcomparator (Seth, 1969) using
a Guildline'9801T$precdsion‘four,terminal“variable'resistor‘»
for the comparison. An auto-feedback temperature control-
ler described by Stackhouse (1977), was used to control
the specimen temperature. It was found that up to 30K
the temperature could be controlled at a fixed temperature
'withln the accuracy of the Ge thermometer by manually con-

trolling the heater current. Onge the heater current was

set ig took a few minutes at most to stabilize the .



' temperature for periods of qulte long time sometlmes

requlred to take ‘the. data.

-

LI

3.3 Resistance Measurements

'The'resistance»of a specimen (R_) was measured

T -

u51ng a dlrect current comparator (Gulldllne Model 9920)

<
-

e brldge.- A ba51c c1rcu1t for the re51stance measurement

- .. = -

rls shown in. ng 3 2. The current through spec1men !Ix)
:1s compared with. a current through a four térmlnal ‘stan-
,dard resistor (RS) when the voltages;acrOSS the two
resistorsjare,balanced;“ The ratio Is/lx could be read
directly from the seven dials on«the‘comparatorL When
the.circuit is balanced then in such a situation,
- RX

I
S.

4
I§7 RS

(3.1)

enabling us to find the ratio Rx/Rs to 1 part'in 107. The
‘balancing of the:circuit (i:e.wzeroing ofrthe potential
.difference across the two resistors, RX and R ) was achieved
using a Guildline type 5214/9460 photocell galvanometer—

R

ampllfler~and a Gaildline type 9461 galvanometer This
arrangement gave a sensitiVity of le_QVZ A standard
resistor Ré==0{lQ.was usedpthroughout-this study,‘and a
constant specimen current‘Ix'5~lOOrM\ was used to measure
the .specimen resistance with an uncertainty of 0.01%.

For the magnetoresistance measurements a super-

conducting magnet was used  to obtain magnetlc fields up to

3OKOe. It has a crltlcal current at 70A and fleld factor



il

-

Fig. 3.2 Circuit diagram of direct current
comparator bridge. G is the neutral
detector. ) )

/
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c AT <),

iof 0. 473KOe/A The current to the magnet was increased or

decreased w1th an ahtomatlc field sweep control The outer

can of the sample holder ~could. easrly Sllde 1nto the mag*'“

net and the- sample was always 1n the central reglon of the

n

' magnet. ‘To measure the longltud}nal and transverse mag-

'netore51stance the dlrectlon of sample current is set

parallel and perpendlcular to the dlrectlon of the magne-

tic field respectively. The temperature was,kept_constant'

" throughout one run of field from 0 to 30 KOe.

3.4 Thermoelectric Power Measurement

To measure the thermoelectric pow@r a temperature
gradlent is applied to the specimen w1th a heater. A
51mple-schemat1c circuit dlagram i1s shown in Fig. 3.3. It
epnsists of~two conductors (A is the specimen and B is
leads, insulated copper wires) with two junctions at tem-
peratures T and T+AT1. Under these conditions.a potential
differenée AVBAbappears_across termina}s l»and‘Z. The
r.potential difference AVBA vas measured,With,a potentio-
meter (Guildline type'9l60) and a galvanometerramplifier
(Guildline type 5214/9460) and a galvanometer (Guildine
type‘9461). Such an arrangement gives a sensitivity of
~2><lO_9V. The temperature gradient AT was always kept

below 3% of the specimen temperature.

The TEP of the circuit can be writygeh as (for

A .
s, = —BA - y (3.2)
BA AT S .

40

Fa

FTN



Fig. 3.3 Diagram show1nq the polarity of fh«&\
thermoelectrlc voltage.

N



- If the characteristic TEP of the conductors A and B are i

S, and S, respectively then,

\Y :
°a = %8 Sa T Tmw - - (3.3)

' If the polarity of the leads 1 and 2 is as shown in Flg

3.3 then, by deflnltlon, for AT> 0
' S AV /

- g Y- __Ba ;
Sp = SpiT Fpe > 0 - | (3.4)

Now, theﬁproblemﬁhasvreduced to finding the TEP of the‘
leads (ife"SB)' Once Sé is known, the absolute TEP off-
ﬁhe speciman (SA) could be found from equation‘(3l3)l
Since a superconductor has zero TEP, replac1ng the
speilmen with a superconductor enables one to flnd the
TEP of the leads dlrectly up to the crltlcal temperature

of the superconductor, ~In thlS study V,Ga (T = 17K) was

o 3
used to flnd the TEP of the leads below 17K. As a further
-check and for high temperatures_pure Pb (5N purity) wire
was %sed as'a.sample.- The absolute TEP of Pb has been

carefully measured and is listed by Roberts (1977) These

data were used to find" the TEP of the leads above 17K.

3.5. 'AuFe Thermocouple
. . -' . IS} . . . »
‘jaP . In this study AuFe (0.07 at % Fe) - Cu thermocouples

were used to find the temperature gradient AT across the
‘Sample, The most important reason for using such a thermo;
‘couple is its high sensitivity'at low temperatures. iThis

. _arises from the anomalous thermoelectric propertiesrcaused

{ ~

42
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Fig. 3.4 The sensitivity (S) of the AuFe (0.07 at. %)
thermocouple as a,funétion of temperature.
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by ‘trace amounts of transition elements (in this case Fe)
dissolved in nob;efmétals (e.g.,Au).-‘Othef important.g'
reasons for.bhoOsing‘égFe alloys for thermocouple is the

reproducibility of the thermoelectric properties after

;repeated'thermal cyiing (Finnemore et al, 1965), behaviour -

in a magnetic field (Berman gﬁ al, 1964), and the effeete
of heat treatment (Rosenbaum, 1968, 1969). S )
“ fhe thermocouples were calibrated with liquid
helium as’ the reference temperature. The'thefmoelectric
voltage E(T) as a function of temperature for the‘therﬁo—

couple was-, fitted to a polynomial, .

E(T) = | B T , | | . (3.5)

n

il e~

1

) ‘ o ‘ .
where Bn are coefficients taken from the published results

of Spark and Powell (1972) and L=14. The seﬁsitivity~for

\the~§5Fe—Cu thermocouple as a function of ‘temperature is
presented in Fig. 3:4; |

TheselfhermecoupleseWere made by s@ot welding AuFe
(0.07 at %) wire to Cu-wire and then eleetrically insulat-
’Jing them with a layer of Ge varnish. The arrangement of
the differential therﬁocoﬁple to measure a temperature
gradient AT across a sample is shown in Fig. 3.5. The
two junctions 1 and 2 were glued on the sample with GE
varnish very close to the voltage measuring lee@s. The
thefmal'graaient was measured in terms of the voltage
diffefence between the copper leads 3 and 4 with the same

potentiometer and galvanometer-amplifier arrangement that



Fig. 3:5 Schematic diagram of the arrangement for
measuring the thermcelectric voltage AV.
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was used to measure the thermoelectric voltage of the

sample.'

3.6  Specimens

The single crystal specimens of CeBﬁ,,PrB .,and NdB

6

were prepared at Tohoku University, Japan, by a floating-

6

zone method and provided to us by Dr. T. Komatsubara. The

rest of the samples were polycrystalline and prepared in

an arc furnace. The compounds LaB GdB, and DyB6 were

6’ 6
supplied in powder form by Cerac Inc. (WisconSin)\with
99.9% puriﬁy, The powder was first compreSs;;\}hcg pellet
form. :Thése‘pellets were melted in an argon atmogphere‘in'
an arc furnace.

To prepare [La Rex]B

lex alloys (where x is the

6
concentration of Re =Gd and Dy) appropriate amqﬁnts of
LaB6 and Re86 powders were thoroughly mixed and then com-
pressed and arc melted in an argon atmosphere. In the

same manner dilute yttrium-rare earth alloys were also’

prepared., The specimens were cut into rectangular shape

2

from the arc melted buttons using a fine diamond saw. The
specimens were etched in dilute nitric acid and washed

with alcohol. The annealing of the samples was done i%

4
an argon atmosphere at ~800°C for about -~8 hoqu; The

typical size of the hexaboride specimens was me><lm>(10mmﬂ

while the Y-Re alloys were about 2mm x 2mm x 15mm in size. .

.



CHAPTER 4

"REB COMPOUNDS

4}1 Properties of the COmpounds . *

6

compohhds, we. have studied, order antiferromagnetically

Allithe REB_ (RE=Lla, Ce, Pr, Nd, Gd, and Dy).

'at low temperatures except, of course, for non-magnetic
~LaBG. Neel temperatures (TN) found from our resistiYity
data are given in Table 4.1 along with the other values
from the literature. The crystal structure of REB6 is
of CsCl type w1th RE 1015 at Cs sites and the Cl sites
occupied by a small octahedron of B atoms. (Flg 4.1).

»The lattice constants, taken from Gschnelder (l?&l), are

given :in Table 4 l. As discussed in Chapter 2 in‘the’
case of rare earth magnetlc ions the magnetic f- electrons
are well screened by the outer electrons. The magnetic
moment is localized on the rare earth ions. These localy
ized magnetic moments of free ions are retained in‘solids
containing rare earth ions. It can be seen from Table 4.1
that the magnetic.mcments of the rare earth ions in'REB6
are very close to theit free ionic value. . In such magne-
tic systems it is believed that the magnetic‘moments
1nteract w1th each other indirectly via conduction elec—

tron (RKKY inteéraction). - The magnetic_ordering tempera- °

ture=1n a mean field model is found to be:



fig. 4.1 Structure af rare earth

hexaborides (REB6). )
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Table 4.1 Cr)%stallographic and magnetic data for REB6 compounds .
REB Lattice T. . (KY 8 (K) u (L) u (u_)
6 constant (A°) N ' P . eff "B cal'"B
LaB 4.154 - - - -
CeB, 4.139 2.4 - =76 2.49 2.54
PrB, 4.130 6.99  -68  3.59 3458
' - /
NdB, 4.125 7.74 - -42 '3.54 3.62
GdB, 4.111 15.2K =55 - 8.01 7.94
DyB, 4.098 20,3k  -21 - 10.63 10.63
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2 J(J+1)

. (4.1)

(X

v

-~

where 'ﬂ and J are the exchange constant and the total

angular momentum of;the magnetic ion. The tagnetic tran-

sition teméé;atuqﬁ (TO) is exbected to be proportional to‘
(gJ~l)2J(J+l), sometimes called de Genneé factor (G), ip
a series of isostfucﬁural metallic rare earth compounds.
In such a seriesv 9.is not expecﬁed-to varyhmuch. Fig. 4.2

shows the experimental Néel temperature for rare earth

~

hexaborides ‘as well as the Néél'temperatu:es calculated

from the de Gennes rule (eqgn. (4.1)) by first finding v
for'GdB6 (TN5§15.15K) from egqn. (4.1). 'TheJdevigt;on.mf'
from the de Gennes rule is quite evident. ‘These deviations

are usually attributed to the crystalline electric field.

The asymptotic Curie-Weiss temperature in the RKKY

approximation.is éiven by (de Gennes, 1962).

2.2 ,

3ZF Z )
8 =- 37— (g=1)"J(J+1) | F(2K_.R..) , (4.2)
P 4kBEf ] i3 £fij .
F (x) = (xcosx - sin x)/x4, where I' is the s-f exchange
integral. In the‘abOVe expression Ef and Kf represent the

Fermi energy and Fermi wave vector of the conduction elec-

trons, KB is the Boltzmann's constant, and Z is the average
2

number of conduction electrons per atom.. The s

extendé.ovef‘all distances Rij between localized moments.

[

6

the same valency one has within the free electron model,

For the isostructural compounds REB, in which RE atoms have

N
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La  Pr Pm Eu Tb  Ho Tm Lu
Ce Nd Sm  Gd Dy. .Er Yb

Fig. 4.2 Observed Neel temperatures (T») of REBg (dashed
‘ ©  line), with corresponding predictions of the
de Gennes rule (solid line).
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I 3 '/\ | . o .
where A“ié'thé séme constant for all, these ¢ompounds. To

compare the values of the s-f exchange integral FR of

-~

different REB6 compounds ‘we ¢an normalize Fi with respect
o ‘ _

tofGd and we have '
L2 7.9 .
R p %) 5; 2 , (2.4)
ey “p%Be)  (gen?aoen

where ep are experimentally determined values for REB6

taken from Paderho et al (1967). Fig. 4.3 shows that'r§

variation .in REB6 is very large and decreases by more than

two orders of magnitude from the light‘}o heavy REB

s . _ 6 cem
pounds. Such a large variation in Fé for light rare

earth hexaborides (particularly CeB6) might be due to

diffefence in the strength of the interaction responsible

for the COquing of the magnetic moments at low and high
temperatures (Lee and Bell, 1972; Nickerson and White,

1969) .

4.2 Experimental- Results and Discussion
(&) .
Resistivity, thermoelectric power (TEP) and magne-

téresistance (MR) of REB, (RE=La, Ce, Pr, Nd, G4 and Dy)

6

' s . :
have been measured at low temperaturd&g. The experimental

results and the discussion of the results is presented in
)

the following two sub-sections. We have Sseparated CeB6

from the rest of the antiferromagnetic REB, compounds

6

because of the anomalous behaviour of beB6.

v

52

Py



. I
1
30 i
' .
]
1
|
1
1.
1
1
.,l
1
1
L
1
i
1
20 %
' \
2 \
' \
RE \‘
o3 |
Gd \
\
\
R A
\
\
10 - \
‘ \
, , .
A
\
.\
\
\
\
\
\
\\
? \
\\
R
0 . . L n i
la Ce Pr Nd

Fig. 4.3 Dependence on atomic number of the ratio (T

for REB

6

compounds,

53



4.2.1 ceBg SR T
" The resistance data’foi CeB, from 1.8K to room
.temperature is shown in Fig. 4.4. A minimum is found at
~150K. The resistivity decreases with increasing tempera-
¢

ture aboye a maximum of 3.5K. Above 4K the resistivity

is proportional to log T as shown in Fig. 4.4. There is
A S e ' ) :
o

a rapid drdp in resistance below’TN==2.4K which is @uehto'

L8

L3

the transition to the antiferromagnetic phass.. o

P

The thermoelectric -power (TEP) of CeB, as a func-

6

tion of temperature is shown in Fig.4.5. A giant peak of
265 uv/K in the TEP athmaX==10K is observed. There is a

small peak at T = 4.3K and a change in slope at 2.4K asso-

N

ciated with T .. The TEP becomes negative below 2.2K.
It is possible to define thre

.phases 1in CeB6

(Kasuya et al, 1981). The phase III is for T<T where

2’
T. = 2.4K is the antiferromagnetic ordering temperature.

<

thp phase is found to be mégnetically anisotropic accord-

ing to Kasuya'et al (1981). Phase II existls in the tem-
"perature range T2<.T< Tl' where T1 corresponds to the :
maximum in the. resistivity data. This phase is nearly

isotropic. And finally, phase I, which is completely
isotropic, exists above Tl' The resistivity in phase I

has been interpreted by Kasu?a gﬁ al (1981) usiné the

Suhl~-Nagacka formula (Daybell, 1973), which was derived

for dilute (or single ‘impurity) Kondo systems. The re?is~
. ~

tivity below 4K cannot be explained by the formulation

for dilute or single impurity Kondo systems.

54
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Recently,.the;e have}been some theotetical investi4
gations taking into aocount the so—Calledb"Konao lattice"
model. The terin "Kondo lattice" was coined'by poniach
(1977) . Julllen et al (1977) have suggestedithat the need
of the‘theotetical_investioation ofaconoentrated Kondo_
’compounds‘ot "Kondo lattice“-beyond the isolated impuri—
"ties arises aue to the competing natureﬂof‘electron—looal
spin interaction in these systems. For the lnotmal' rare
earth systems, the 4f level is far below the Fermi level
:and these materials have an. 1ntegral number of 4f elect%ons

I

with a well(deflned magnetic moment. In the "anomalons"

rare_earth>SYStems the 4f level is close to the Fermi level}

k4

and - a large resonant scattering can occur in these systems.

This scatterlng 1s belleved to’be respons1ble for the

"~Kondo effect that appears in many rare earth alloys and in

I

some compounds;
\ ‘Lacroix and Cyrot {1979) transfotmed the Kondo
,interaction using tne'idea of Yoshimo;i and Sakural,(l970)
into a fictitious s-f hybridizationi This hybridization

.gives a resonance of width’TK .(Kondo temperature)'at the

.Fermi level. The above authors considered a system of

o

conductlon electrons 1nteract1ng w1th perlodlcally arranged
magnetlc ions describeéed’ by an AndersOn Hamlltonlan. Such

‘a hamiltonian has been shown by Schrleffer and Wolff(1966)

to,be equivalent to the s—f hamiltonian.- ~The hamlltonlan

Lt

with s-f hybridization is given byd

56
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g+

RS | L RN
H = z (EK-+4)CKGCK0 + i' (EO.+ 4 )diﬂdi
Ko . 1la .
vyl ldgaegresdp) vl v g0, e dyy)y

v

"Q‘ "" ) ) (4.5)

where c;} dz and €x ! EQ are the éréation,operators,and
enefgies of anks—eleétfon of:wgve vector K and an f-elec-
tron on site i respectively. .5.is,the usual s-f coupling
éonsLant, n is the number of conduction elecﬁrOns pér
atom kknowing‘that there is one ihpurity for each site),
X, and'yi represent fhe»fiqtiﬁiogsvé—f hybridization.‘
These are coﬁsideredvas order paraméﬁers and their average
values dre reduced tbvzero_above a témggrature‘T;. . As
soon .as x#0 (assuhihg'x=éy) a gap i$ opeped in the elec-
tron density of séates;arouﬁd the energy of the impufity
. . )

'level.

vIn the high femperature limiﬁltﬁe Kondo lattice
system can be treated as a.collection of incoherent impu-
rities as the interaction between.the rare eérth ions

’

becomes négligible. Téking into accdunt»thermal fluctua-
tions of x, Lavagna et gi‘(1982) have found that the "high
temperatufe resistivity decreases logarithmically as fouﬁd
in CeB6 (Eig. 4.4). At ?he.low témperatures coherence._
_8ev§lop$ between the‘iﬁpuiities and the system cap’be';
considered as a "Kondo lattice". ‘According t; Lé#aéna

et al (1982), the spatial fluctuations (from site to site)

of the s-f hybridizatioh are responsible for the electron
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SR - A AP
scattering. The low temperature resistivity of a Kondo

- lattice, according tor Lavagna et al (1982), has a maximum at

Qb 367 1 1/3 ' '
Ty =0.367 T, (1-n) . o (4.6)

From the Hall'meééurements'by Kasuya et al (1981), we know
that n=0.9 for CeB6 at low temperatures. \Thé valuexof‘TK
found from eqn. (4.6) is, 20.5K. This value of Kondo tem-
perafure'is_twice the Kbndoftemperature\found from the

position of the peak in the TEP of CeB,. (Fig. 4.5). In

6
the resistivity calculation by Lavagna et al (1982) the

effect of magnetic ordering .at low temperatures has not

been taken into account. However, this "Kondo lattice" "

N

modelbcalculatibn'gives the qualitative behaviour of resis-

tivity as obgh The resistivity

[

‘above 4K it de:

xed i% the case of CeB

6"

increases wi ffempgrature, has a maximum at T

l: 3.5§_and»:¢

gases as log T as the incoherent Kondo
séattering domlft

. Based oh the same model Lavagna gEbgi (1982a) cal-
culated the TEP of a "Kondo lgkticé" system. According to
‘them at lbwest temperatq;es the TEP is positive for n<1
and increases with temperature;.has a maximumAat a

temperature above'Tl. The TEP can be written as apprbxi—
‘mately ' |

, 3 - ‘ . e
S(T)=§,/1+(T/T) "], (4.7)

where
' 2 3 ' -2/3°
SO—-—(ZN KB/3e)[Z m(1l-n)] 1 (T/TK)

N\~
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‘The giant positive value in the TEP is expected because

~2/3 *
of the factor (1-n) / in S¢ . For n=0.9 and T, = 3.5K
from the reéistivity data'of CéBG, we find -
Soe = 725 wv/K  at 10K .

The Kondo lattice modéi calculation again qualitatively
explains the,giant values of the TEP data and a qualita-
tive teﬁééfature dependence can be understood without
taking iﬁto account the magnetic ordering; Therefore,
‘one‘can conclude that even if there is'no éetailed theore-
tical understand;ng 6f‘tbe'beh5viour of 'dense Kondo' CeBG,u
the 'Kondo lattice' model does give a Qualitative under-
standing of\the transport properties exhibited by CeBS.
Recently there has been a longitudinal MR méasurement by
-Sato et al (1983) at a constaqt temperature of 0.6K in the

aritiferromagnetic phase of CeB. (i.e. phase III). Their

6
results show ;hat for T<TN the MR is positive and
increaées with incréasing field and goes through a maximum
af a Criticai field H., the antiferromagnetic to'parémagf
netic transition field. For H:»Hc, the MR decréases wi£h-
increasing field. This is consistent with the behaviour
expected for an'antiferfomagnetic metal (Yamada and Takada,.
1973, 1973a).

We have done the MR measufeménts in the phase I
(i.e. T> 3.5K) of CeB6 up to a field of 30 KOe and in the

temperature range from 4.2K to 20K. The‘isbthermal longi-

tudinal MR and transverse MR at 4.2K, 10K and 20K are
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Fig. 4.6 The magnetoresistance (Ap/p,) of CeBg as a function of
external magnetic field (H) - at various temperatures.
Symbol || and L means longltudlnal and transverse magne-
toresistance respectlvely




shown in Fig. 4.6. The MR are negative and decreage with
incréasing field (H). We observe that there is very
little anisotropy in thé MR.in phase I, that is, the *
longitudinal and tfansverse MR.are the same. ?his is
consisteﬁt with thé results of Kasuya et al (1981), as
they ha&é suggesﬂed'that phase'I 1s completely isof:ropic.~
We find from the MR data at lOK‘and'ZOK that the MR is
proportion;l to H® as shown in Fig. 4.7. The 4.2K iso-
therm shows a-H2 dependende only below 16 KOe;.abovévthat
field thé MR is linear in H. Froﬁ‘Fig. 4.6 and Fig.‘4.7
we oObserve that there is some kind of.transition from one.
. phase to the:othér at . 16KOe .for 4.2K isotherm. This is
consistent with the phase diagrah obtained by Késuya et al
(1981{. At 4.2K as H is increased f;gm zero to above .
~16KO0e the:phaée changeé from the phasétI ﬁo phase II.
From our MR data it 1is found tﬁaf the MR varies as H2 in
phasg I While it has a linear H depeﬁdencé in pggse 11,
and the_cr;Figal field HC of transition from phase I to
phase II at 4.2K is ~16KOe. The negative MR in phase I
and phése IT is gquite COnsistgnt with the theoretical
“fesults for an antiferromagnetic metal,for_T>»TN (Yamada
and Takada, l973;$i;73a). As mgntioned eariier, CeB6

can Be treated as a collection of incoherent impuritiés

in phase I. Hence for TTQ4K“the MR in phase I is expecteé
to belsimilar to' the dilute maghetic alloys. The negative

magnetoresistance appears because of the suppression of

fluctuations of the‘localizéd spins by an external magnetic
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Fig. 4.7 The magnetoresistance (Ap/p ) of CeB,. as a
function of HZ? at various t&@mperaturés.
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Table "4.2. C',eB6 V(‘:}lues of parameter A in phaselI for CeB

A (Koe) "2 AxT.(K/K.oez) R T (K), .

8.9x10"% -37x107t g |
~19.2x 1078 -1.9x 1074 10
=9.0x i0’6 ~1.8x 104 20

6°
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field.  Such negative MR are‘Pbserved in ferromagnetic

and paramagnetic phases and also in dilute magnetic'alloyé

.

(Yamada and Takada, 1973; Béal-Monod and Weiner, 1963).
As mentioned earlier, the MR in phase I can be

expressed as

Q o
bp _ o(H,T) - p(H=0,T) _ 2 S
R o (B=0,T) ST AMET (4.8)

The values of the parameter A for temperatures in phase I
are given in Table 4.2. We find that A has. an ‘inverse
temperature dependence with some discrepancy at 4.2K dué»

to phase change from phase I to phase II.

~

4.2.2_,Antiferromagnetic REB6 (RE = Pf,'Nd, Gd and Dy):

The residual rgsistance ratios (RRR), the ratios
of the resistivities at 293K‘to those at-4,2K, are given'in
Table 4.3 ﬁdr the REB6 compounds.  In this éec;ion we.pre-
sent an experimental study of resiétivity, thermoelectric
power (TEP) and magnetoresistaﬁcé of antiferromagnetic
hexaborides (RﬁBs, RE = Pr; Nd, Gd amd Dy) along ﬁith non-
magnetic LaB,.

6

\
.

4.2.%& _Resistivity

- The resistahce ratio r=Rk/RSUg(=sample'resiStance
anq Rs<=0.lQ,‘standard resiétance) is measuFed directly
.with the d.c. comparator as discuésedvin Chapter 3. In
this presentation, r is reported rather than.ﬁhe sémpié

reSistivity because of the‘geometrical uncertainty with



‘Table 4.3 Residual resistivity ratio (RRR) for REB6 compounds.

Sample- RRR = 0(293.K)4/p(4.2K) o(293£§) Hi2-cm
 _LaB6 | 3 16 | | 9!

PrB_ 18 - 15

NdB 16 - 1l4.6

GaB6 | 8 - 31

DyBg | 9 | : . 40
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_ .
irregular and small specimens.

6 does not

change significantly below 30K as shown in Fig. 4.8. A

The resistivity of non~ma§netic LaB

similar result has been found by Kasuya et gi.(lQBl). The
phonon resistivity is expected to be negligible in-iso—
. a

structural REBG below 30K.

The resistance data for PrB NdB_, GdB_ and DyB

, 6" 6’ 6 6
are presented in Fig. 4.8 and Fig. 4.9. The common fea—

tures of the resistance (r) data are a rapid increase in r

with temperature T below TN, a change in slope of r at TN«

'

- ,
and a slow increase in-r which is linear in T above~TN.

The Neel temperatures (T, ) are given in Table 4.1.

N

In the case of Pr86 we Observe a thérmal-hyéteresis in the
r vs T curve at ~4K, as shown clearly in the dnsert of
Fig. 4.8. According to the neutron diffraction studies on

PrB6 by McCarthy et al (1980), below ~6.9K there is an

=

incommensurate anfiférroﬁagnetic_éhése with magnetic lattice
vector Q= (0.23, 0.23; 0.5) 27f/ao while a commensurate
ph;se with Q= (0.25, 0.25, 0.5) 21r/aO is seen to coexist’
with the incommensu:ate phase at 4.2K. At lower tempera-
tures dnly the commensurate phase egists.‘ Th? hysterésis
in r vs T data at 4K is associated with the low témpéfgture
phase transition. At T < 3.8K only the éommenéurate phase
‘exiSés. The extrapolation of resistance data (Fiyg. 4. 8 )
in both phases show that the resistivity is smaller in the
- commensurate phase than in the incommensurate phase. This

Y

is quite consistent because the commensurate phase is

iy
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relatively a mofe ordered‘éﬁasé'than the}inCommensurate‘
phase.. 'The»neutron'diffraction~data Showébonly a coﬁmen—
surate phase for NdB6 below.TN.(McCarthy.apd'Tompson,‘l98OL

The-resistivity da;a fof GdB (Fig.‘4.9) revéalg
"hysteresis at abouf 7K;f This Hhysteresis is éssociatéd'with
‘a second'phase~transi£ion (ﬁozéki gﬁ al, 19805. The mag-
netic structure is Aot knéwn iﬁ GdB6.' However, the extra~.
pblation of the resistance data in Fig. 4.10 shows that
phase II has gréatef resistivity than phase I. This
" suggests thég'phase I‘is relativély more ondgred than

phase II. A neutron diffraction stﬁdy could reveal whether
phase II is an incommensuraté magnetic phase. Tﬁe resis*:'
‘tance'of DyB, shows.ohl& one phasg up to'?N.

To interpret the temperature depenéénée Of the
régisﬁivity of REB6 compbundé) wé_shall first discuss the
'resistivity a£ thé lowes£ temperatureS, then the.resisti—
:Vity due to eieqtronASp;n.wave scattering ahd.finally the
qritical:resistivity in the vicinity of TN}

.The reéistivity”of the REBG‘KRE==Pr,INd, Gd and Dy) ,
compounds at theAlowest tempe;atufes varies ét T2 as shown
'in Fig. 4.11. The tgmperéture'range‘of T2 dependence for
each compound is aier'in.Table.4.4. Kasuya gExgi (1981)
have also observed a Tzhdependencéiﬁf resistiVityﬂfor |
, "'densfe‘ Kondo" CeBy at T << TN. (Ty = 2-4K). A similar 2
" dependence of rééiét;vity'below 0.3K has been found for -

w

CeAl3 which is also a “deﬁse,Kondo" material. Mott (1974)

and And:es et al (1975) have interpreted ~thislT2 depenaénce
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: | K 2' 4 3 i
Table 4.4 Temperature range of T and T or T : N

dependences for REB compounds.

Sample ; v 'TZ rénge N f4 or T31r§nge

PrB T < 4.2K 5.1K < T < 6.8K
NdB, T < 5.8K 5.9K £ T < 7.6K
Gng . T < 5.7K 6.7K < T < 14.4K
DyB 3.8k < T < 7.3k 12K T < 19.5k




.......

as an interband séattering'effect between' the conduction
electrons and the band of‘collective‘states.
The phonon scattering, which as we have remarked

earlier is negligible in LaB, below 30K, is expeéted to

6
be the same in the other isostructural he#aborides. At
the same time recent de Haas-van‘Alphen‘studies of some
fREBG (RE =La, Ce, Pr and Nd) by van Deursen et él (19825,
show that the 4f-electrons have oﬂiy minor influence on
the geometry oflthe Fermi surface but the dispersion of

the»bands near the Fermi energy is very much dependent

from

on ﬁhe'filling of the 4f: band, which is evide
the high values of effective mass.: The lérge magses are
‘éttributed to the»interactién betweenvthe conduction elec-
trons and.the‘partially filléd 4f—glectron'statésx

‘The T2 resisﬁiVity Variation,appears'only in those
REB6'with some occupied 4f-electron statés and not in LaB

Neither do all the REB .compounds that show the T2 resis-

6
tance show a Kohdo effect. On the other hand, eleétron
SCatfering of the Baber type (Baber, 1937; Mott, 1974) in ,
which the low mass conduction electrons are scattered ‘into
large mass étates should be significant in each of the -

compounds‘containing a rare earth with a partially filled

f-band, just as it;is*inﬂthe transition metals (Dugdale,

1977). This scattering -ig g AQQrﬁiongl to the square’of .
.. ’ ) ‘ . "_.;':"‘;3 ~wr : » 4 ‘ g ‘ o ) E - )
the density of empty larg@&’mass states, which in turn is

3 A
g :

proportional to the square of the electronic specific heat,

Celf=YT. The résistivity, p=ﬁAT2, shown in Fig. 4.11 should

. o
)

6°
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then-be related to the specific heat. The specific heat

has been measured for PrB, (Lee gE‘gl, 1970; McCartH?‘gE

6
-il; 1980) and both sets Qf data yield an‘approximate.value‘~
of y= ZBOIMTmol-lK_z. ‘From our data for PrB6- A==3.8><’l-0—8
2 12

RQcmK °.  Thus, in these units A/y°=0.5x10 12 which is

very close to the value 0.3 x 10_l

2 quoted by Dugdale (1977)
. 'for tﬁe Pd, Pt and Ni groups of transitign‘metals. Other
transition metals havelsiﬁilar vaiues.for A/Y2 and from
these comparisons it would appear'that the ihportéhce of
~electron-electron scattering in fare earth hexaborides is
sihilar’tétthattin the transition metals. From these
observations of the T2 depéndence of 0 we conclude that
‘this behaviour'isAnot a characteristic property of "deﬁse
Kondo" Ce compounds bﬁt rathef'is common to all . the magne—
tic rare earth hexaborides.

N 3 . ﬁ 3
A'T4 dependence of resistan®e is observed for PrB

6

and NdB'6 and,a~T3 dependence is fo and DyBé

6

temperatures as shown. in

d for GAB
* .

just belot their respecti?jk&éé
Fig. 4.i2 andvFig. 4.13. 'The témperature-regimé of the:
T4‘o£§T3 aépendence is given in Table 4.4. Acdording td
Rivier and Mensah (1977) thé_;esistivity (p) 6f an agti-
ferromagnetic mateérial due to'électron—spin wave scatter-

ing can be written as

\

4
p

metal ~ T " E : -

and : : . S . - é Af
' ’ 3 L : (

Palloy ~ T
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as discussed ih Chapter 2. It is therefore beiieved that

the observed T4 dependence for-PrB_ and NdB6 and T3 depen-

6
dence for GdB6 and_DyB6 i's due to conduction electron-spin
wave scattefing. ,

To study the critiéal resistivity, the resistivity
in the vicinity of the magnetic phase transition of the
REB., a detailed meaSurement‘of the resistance is done
around Tﬁ. ‘Any;;easonable fitting of the critical resis-
'tivity in the nafrow temperature range where it is visible
near TN needs a.very accurate measurement of résistance. |
It was possible‘to measure the resistance raﬁio r==RX/RS
with an accuracy of one parts in lO7 as discussed in
Chapter 3. Some of the advéntagés of studying the critical

¢

resi;tivity of the REB6 compounds are as foliows: (i)'These
compounds ‘ave cubic crystal structures and the resistivity
isvexgected‘to‘be isotropic, hence the critical exponents
can be obtained even with polycrystalline samples.-(ii) The
ordering tFmpératureg'df these hexaborides are below 25K

a convenient range for precise control qf the temperature
and accurate measurements. (iii) Ali other temperature
dependent contributions to resistivity are sméll,for'tém—
'peratgres below 30K as e?ident fromAthe_resistivity data of
visostrugturql non-magnetic iaBG.
’ The resisténce (r) in thejvicinity of TN §loﬁg wikh

its temperature derivative (r') is.shown in Figs. 4.14, 4.15,

4.16 and 4.17 for PrB NdB

6" 6’ 6 6

We observe a div%rgepce in r' at T, as expectéd from the

GdB. and DyB, respectively.
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Flg 4,14 (a). Variation of: normalized esistance
Rx/Rs’ ‘where R, is sample resist3nce and” Rg O lQ
(standard resistance), as a function of temperature
(T) in PrBg .
Fig.4.14(b). The temperature derivative of ‘the
resistance r "(T) showing a maximum at the Néel
temperature (Ty=6.99K) and a smaller peak at ~ 4.2K
corresponding to the second phase. b
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Fig. 4.16 The resistance (r) and its temperature

derivative (r') as a function of temperature
(T) for GdB6 in the neighbourhood of TN'
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18 19 20 . 21 22

FiQ; 4.17 The resistance (r) and its temperature

derivative (r') as a function of Tem-
perature (T) for DyB_. in the vicinity
of T,.. 6 : :

N
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theoretical prédiction discussed in Chapter 2._ The anti-

 ferromagnetic REB_ compounds are classified as type II

6

antiferromagnets because of the positive divergence in r'.

The derivative r' was obtained by numerically diffecks

T~ _rentiating the measured value of r

——

To do this a group of

adjacent data poihﬁs were fittéd‘toga quadratic equation

and thén the first derivative wa aiculated at the mid-

‘point. By sliding the curve along the‘experimental data,
it was possible to obtajn the values of r' for the entire
temperature range of interest.

The analysis of the experimental data was carried out
. . X g
using the expression fJdr the resistance r in the vicinity

'of'TN:

1l-a

r.=r + Bi]t[+ Ailt( i.,‘, o o 'K4,9)

where subscript + or - is used. for the reﬁucgd témperature -

£>0 or t<0. The first term in the above equation is due_"

to regular spin scatteringy the seéond term represents a
small linear contribution due to phonon SCattériﬂg and
finally the'lgsﬁ term is the contribution ‘due to'the’criti—
cai scattering. Recent theoretical calculations havq{éhown.

that the critical exponent o, = a_ = a (Malmstrom and

Geldart, 1982; ‘and Balberg and Maman, 1979).
‘ N .
. ' There are some difficulties to be aware of in
analyzing the experimental data to extract a‘rglﬁableavaLue‘

of the critical exponent. These are, (i) changes in the A h

-

14
spin scattering from the eritical region to the élassical'! s

v - -
o
K S . . ~
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WS

spin\fluctuation“region'are gradual and an inaccurate.
,value of the crltlcal exponent may'be deduced by choosrng

too large a range of t. ThlS ar;ses from an uncertalnty

in the temperature range over whlchfthe theoretical

~ u,

expre551on can be used; (ii) an accurate expre551on'for'
e\‘.) ‘ - - M -

phornon re51strv1ty:1n,magnetic’metalslis not available
and'(iii) the values of the critical"exponents calculated

by varlous theoretlcal models dlffer only by small amounts,

. ~ N

‘hence 1t is dlfflcult to prov1de experlmental verlflcatlon

Yoo

of one._ In splte of the above dlfflcultles a careful

-
! .-\

”analy51s of the data can glve us valﬁeble lnformatlon.
The ‘criteria - for a satlsfactory flt to the-data\«xe that .

it must yield a random distribution ofzres{duals as a -,

'

- function of the redpcedﬂtémperature‘and that - the root mean”
- . . . td . N

. square error is Of the-order of the estlmated experlmental

0

error{ To reduce the correlatlon among the parameters, TQ,

was treated as a flxed parameter in the regre551on proce—

v

dure. The value of TN was flrst estlmated by taklng it to

be the temperature at which ' has a maximum. A small

<

.gdevlatlon 1n T from the maxmmum,in r' is possible due to

N

Crystal 1mperfectlons and strains as well as by the numeri-

cal”method used in extractlng r' from the experimental
] , - ) - |
data. Hence TN foundﬂfrom the maximum in r’ was changed

NPV

in small steps in search of a better flt to the data.’

~The- res1stance data for T < TN as well as for_,T>°TN

were analyzed u51ng'eqn;‘(4.9). The val®®s . of TN and o

are glven in Table 4.5 for PrB

x

6’

\ y

NdBahdeBS and DyB6.
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" Table 4.5 Experimentally determined values of the

* T critical'expdneﬁt (o) for»REBC antiferfomagnéts.

1}
REB, R Ty (K) a
€ . _ .
PrBs A 6.99 L -0.019 _
NdB ' - - 7.74 ~0.017
GdB 15.14 - -0.36
DyB6 20.32 N 016 o
. N L4 ‘\w)




The values.for GdB6 and DyB6 are taken from the work of”
Singh and Woods (1981) . 4 | UVj .

'“‘, Qccordlng to theoretlcal caloulatlons'the\Values of
a for d=3 and n=1,2, 3 4 and 6 are 0.125, -0.02, -0. ll.
-0.17 and -0.38 (or -0.27) respectlvely (Bah and Mukamel
1976- Legulllon and Zinn- Justln, 1980; and Malmstrom and
Geldart, 1980%. For PrB6 and Nst the values of o are
very close to the theoretical- value —0 02 for d=3 and
n=2. The value of & for DyB6 suggests 1t to be equlvalent_
.to a system with d=3 and’ n-4 whlle‘for GdB6

‘exponent corresponds to d=33 and n==6.
t N _ o
4.2.2b .Thermoelectric power

' The absolute thermoelectrmc power (TEP) of REB com- .

6
- pounds as a function of temperature is shown in Flg 4.18

and Fig. 4.19l. The main features of the TEP data of REB6

are as follows (1) a mlnlmum in the TEP (S in) is observed

near the lowest temperatures for all the REB

-1 REBg

(ii) at higher temperatures‘the TEP of non-magnetlc LaB

measured,

6

is linear in T and p051t1ve, whlle for REB (RE Pr, N4, Gd
and Dy) the TEP 1s llnear in T above T but w1th a negatlve
"slope and at hlgher temperatures the TEP is negatlve, (iidi)
at TN we observe a rapld 1ncrease in the TEP for PrBG,NdB6
and - GdBG, whlle for' DyB6 there is a gradual change in the
N’ 6 there 1s\a small
peak at ~3. 5K associated w1th the low-temperature commenh—

j=
slope of s Just above T (iv) for PrB

surate phase while the 1ow-temperature phase of GdB6 is'

-

the crltlcal
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are sohematrCallyashown in Fig 4 20, %here‘s

Flg. 4.20. = )

;_.‘

The values of S ﬁ and the

tg

rWe w1ll flrst dlscuss the TEP data of non—magnetlc ﬁﬂ

A a

The non—llnearlty in the TEP below ~lOK is thought

ol R : \
: to be malnly due to phonon drag contrlbutlon (Sg) because

f‘ap low tempefjtures the llnear electron—dlffus1on term is -

&

'_expected to be very Small. Three contr;butlonsvto‘the TEP :

L
B

gN'ls the phonon

' drag contrlbutlon ‘due to normal eIectgon phonon scatterlng

and ng is dueytoCBmklapp electron phonon processes and S

1 S

&

is the electron—d;ffuslon*term, At higher temperatures S’

becomes linear in .T. 'These three contributions can quali-

tatlvely produc7 a mlnlmum\at lower temperatures and a

‘llnear TEP behaV1our at hlgher T as, shown schematlcally ln;x

ai
’\ p

-4
i

‘We note that REB_ compounds are isostructural and .

}there is p0551bly another contrlbutlon S due to ‘magnon

CF

'

;speeific heat measunements by Lee et al' 1950 and Westrump'f

vy

. \ et
et al (1966) have been 1nterpreted in terms of. the non—} )
magnetic lattice spec1f1q heat;belng'the ‘same fOE each at,

low,temperatures; In the-case of and:iferromagneti'c;REB6

compounds for T<'T “'in addltlon to Sg and S contributions'

NI

i
- . »

drag. As mentioned in Chapter_z,'sm has the same tempera~

~turefdeoendence as_sg. Hencesitgis:belleved that*the o

&

shift in T_. and change in S_, for different REB ls due
: ) min < A min N ,6

: . ) C . - e 4
"“to this additional magnetiC-contrlbutlonySm to*fhetnon—

e
~
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Fig. 4. 20 a) Schematic diagram of the fesuf%ant
. thermoelectric power éi) as a functron
of
b)) Schematlc dlagram of the 1nd1v1dual
thermoelectric’ power contributions (Se,
SgN and SgU) as a fanction of T, @
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. . ’ ' . N . 1
o ) . . A
magnetic contribution Sg+Sé.f Because of similar tempera-

. ture dependenceslit-is difficult to isolateé each'ih&ividual

-

-

'contribution{': ’

?he‘bread magim?m in the ?EP 8f DYBs'at ¥léK.is-,
pessibly due to the crystalline-field effects. In the
Fase of a crYstal*field split ground state‘there is'an
effect on the TEP due to variation in the thermal popula-
tlon of the dlfferent crystal fleld levels (PeScheL‘and
Fulde, 1970; and Sierro et al, 1975). ‘Umlauf.et gl (1973)

‘ N . ) /* .
have'demonstrated that these effects show up in the TEP

C S~

but not necessaqgly in the re51st1v1ty.. Takayama and, Fulde
(1975) have shoWwn that for two 51nglet levels separated by
an energy A the TEP has a’ gax1mum at T = A/2. chording to
them the broadness of the maximum is due- to interactioh

.between the magnetlc ions via the conduction electrons.

NI

We suspect that the broad peak at ~16K in DyB6 is due to

crystaihfieldueffects.

. Gt
The TEP cBhtrrﬁpt%on dquto the random magnetic
-moments of RE ions in.i\?EB6 compounds for T:§>TN is.calledthe
spih-d}sorder TEP zsspd55 Because ef lack of any theore-
tical calculation of Sspd‘one is foreed to estimate.sspd

from a phenomehqlogical approach. Asldiscussed in Chapter

2, one can-write,

- (el _ p L y
?spd = (S S 5 r (4.10)
N i .

where in our case s™ is the TEP of magnetlc REB '(RE;=Pr,‘

Nd &d and Dy) and S nm is the TEP of LaB The ratio

6°

92
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Fig. 4.21" The 'spin disorder thermoelectric power
of PrBg and NdB6 as a function of T.

(Sspa)
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w .
p/osp(_i 1s-equa1;ﬂo R /R- spd where R_1is the sample resis- -«

tance at temperature T and R

¢

-

spd
the re51stance at T and R is the residual re31stance

- » ‘

found by extrapolatlng the re51stance data to zere tem— -

perature.; The estimated SSpd as a,functLon'of temperature '

for antlferromagnetic REBG'is shown in Fig. 4.21 and

Fig. 4.22 for T> TN. It is clear that the Sépd‘is nega-

- tive and linear in T for all four hexaborides. This

-

res is consistent with the earlier\findings of Gratz

57 Gle and GdCu2
The TEP shows the phase transition from antlferro—

~
magnetic to paramagnetic phase-as.a sharp increaée in S

and Zuckermann (1982) fdr Gdal

‘

near TN. In the case of DyB6 this phase transition is- not

as sharp because of the masking effect of ‘the anomalous

-

TEP due to- crystal -field effects. According to the
theoretlcal investigations cited 1n Chapter 2, the TER in
the critical regime should show a dlvergence in.ds/dT = 8"

at TN as in dr/dT. The temperature_derigative'of S in the

. vicinity of TN was obtained by first fitting the experi-
mental data to a smooth curve and. then finding the slope

: 5
of the smooth curve .around TN. In Figs. 4.23, 4.24 and

4.25 we ha&e shown r' = dr/4T and S' =ds/4T in the

ne;ghbourhood of . Ty for PrB,; NdB6 and GdB6}respectiveiy.

We do observe a peak in S' at Ty as in r'. )
To test that the S' and r' are directly proportional

and have-the same critical behaviour (Ausloos, 1977a, 1978;

and Helman and Balberg} 1978), we have plotted S' vs r'

N

=‘¢R(T ) - R, Here R(Ty) is

95
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Fig. 4.24 The temperature derlvatlve of .the resistance (rff
;- and* the thermoelectrrc ;power (') as a functlon
'"X-,Of T for NdB6 in the vicinity of Ty o
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Fig. 4.26 In the vicinity of TN, experiment shows a ,
' linear relation between S' =dS/dT and r' =dr/4T
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(Figs. 4. 26 4. 28) for temperatures very Closa Yo TN and’

we find-that for antlferromagnetlc REB6 compounds r' and

S -are llnearly related as, has been found for some ferro-

Y

magnet;c metals. We have found that the temperature

dependeﬂce of'r' and S' are thehsame which is in comalete
egreement with the theoretical predictien tﬁatvall trans-
'port.ebefficieﬁts shoﬁld have the saﬁe‘temperature depen¥

o :
dence in the vicinity of TN*

4.2.2c Magnetoresistance

\

The magnetoresistahce {MR) of"antiferrOmagnetic
REB6 compounds shows‘yery interesting results. The iso-

itherm§l'longitudinal magnetoresistances® (LMR) for PrB,

NdB are shown in Figs. 4.29-4.32. The

6" GdBG.and DyB6

common features of the MR data of antiferromagnetic REB
cdmpounds are as follows: (i) The MR is positive and
increases with increasing external field (H) for T < Ty
(1ii) the MR decreases with increasing temperature ét:e

*constant field for T < T., and (iii) at T, the MR drops very

N N

- rapidly and for T > ?N changes very much mere-Sloﬁiy. The

Y

temperature.dependekee of the MR for constant fields  (H)
is shown in Figs. [4.33-4,36. Similar temperature depen-
dence of the MR of| the antiferromagnetic compound,

GdRh ‘has been observed by Ali ' et al (1984).

1.07°%4.21"

In the absence of_a theory for the antiferromagne-

0 . ‘ 3 3 a 1 N 13
tic metals with rare earth ions, a quantitative comparison

%

Ed +
with theory is not possible, but the ideas of Yamada and
. / t .

/
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Fig. 4.29 The iongitudinal isothermal magnetoresistance
(Ap/py) as a function of external field (H)
at various temperatures for PrB6.
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fig.4.30 The longitudinal. isothermal magnetoresistance
.. (bAp/py) as a function of external field (H)
at various temperatures for NdBG. o .
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Fig. 4.31 The longitudinal isothermal magnetoresistance
(Ap/po) as a function of external field (H)
. for various temperatures for GdB6.
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Fig. 4.32 The longitudinal isothermal magnetoresistance

(8p/py) as a function of. external field (H)
at various temperatures for DyB6.
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Takada (1973, l973a) may be. used to'qualltatlvely account

for the MR data. The MR of the antlrerromagnetlc REBG'
metals for-T'<TN lncreases with" lncrea51ng field because .*
of a field-induced increase in the spln fluctuat;ons whlch
is in contrast to a suppression of the spin fluctuations

‘in an external field for a ferromagnetlc metal. The
decrease in théﬁMR with 1ncrea51ng T for T'<TN is due to

the relatlve suppression of the spln fluctuatlons in a

magnetic field that is, in a fixed fleld P changes less

for a given- temperature change than it does in zero fleld
for the same temperature change.. The MR field and tempera-

ture dependences and details of the experimental data are

-

discussed for each‘hexaboride as follows.

v

PrB

L5 .

The MR data in Fig. 4.29 for single crystal PrB6

cl
respectively. This peah is thought to be due to a spin

shows a peak at H = 4KOe and 1KOe fgr T=4.2K and 6K

3

flop transition (Hcl) which decreases with increasing tem-

6
this peak. At T> Ty the MR becomes negative at higher

perature. The polycrystalline samples of PrB_ do not show

field as would be expected for paramagnetic metals due to
field-induced alignment of theAmagnetic moments. The tem-
perature dependence of the MR shown in Fig. "4.33 is found

to be T % for temperature T < T It was possible to fit

N
the experimental data to the expression

WL
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4 6 - 8 10

- Fig. 4. 33 ‘The longitudinal isofield magnetoreSLStance
(Ao/o ) as a function of temperature (T) at

varlous fields for PrB6

<
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TK) .

"Fig. 4.34 The longitudinal isofield magnetoresistance
‘(Ap/oo)_as a function of temperature (T) at
various fields for NdBG. ' i

\
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Fig. 4. 35 ‘The longltudlnal 1sof1eld magnetoresistance
(Ap/po) as a function of temperature (T) at

various fields for GdB
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Flg.4 "36 The longitudiral isofield magnetoreSLStance

Ap/p ) as a function of temperature (T)
varlous flelds for DyB
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Table 4.7 Experimental value of the"parame’tér'A,for,‘PrB6

for various fields.

9.0, S 10x 10"

ST 2 2
" H(KOe) . A(K?) A/H
e
' -3
10 6.2 6.2 x 10
15 2.45 6.0x 1073
o .
20 2.63 . 6.1x10
. 25 4.63 7.4x 1073
30 3

11
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Fig. 4.37 The_field dependence of the parameter
A/H? for PrB.



[

‘A (H)
T2

bp _
_wheré the parameter A(H) is found to.be proportional to Hfzas
expectea‘frdm the.isothermal MR (Fig. 4.29). We hé&é .
found that fdf H < 20KOe, A réﬁainé constant. The values
of A(H) and'AH_»2 gréAgiven in Table 4.7 gdr‘vanioué»valués
of H. Fig. 4.37 shqws-the ﬁiéld dependence of the para-
‘meter A. The increase in A for H> 20KOe is possibly due
to the anisotropié'condgction—f-electron interactiOn, to
be discussed. along, with thé‘t:ansverse magﬁetoresistance

data (TMR).

NdB6 . |
At higher fields the MR data of single crystal NdB6

. |
show a linear field dependence for T<T_ (Fig. 4.30) and

N
. é

become negative for T > TN. At very low fields the MR

shows a negative peak for T < TN‘which vanishis above 1K,

whereas no such peak is observed in a polyscrystalline

‘sample. It is possible that this negative peak is due to

domain alignments.,. As H increases from zero the domains

, - SRR (411

114

start aligning with a consequent décrease in the resistance.

At the negative peak all domains'are'exPeCted to have
aligned into one sihgle'domain and above that field the
MR increases as the-spinlflﬁé%ﬁétioh inéréase_aueckd field

~ dominates.

The temperature dependence of MR shown in Fig. 4.34°

for various fields is found to be of the form,
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Table 4.8 Experimentaily deéerminéd value of A for

NdB6 at'various fields

H(KOe) ' a(x?) "A/H
10 0.85 ) 0.043
20 0.50 0.049
30 1.15 0.038

!

‘Table 4.9 Experimental value of A for GdB. at two

6 \
temperatures
T (K) A(KOe %) A x T2
‘ [d
. 12 1.3x107° 2.5x 1073
14 1.9x107° 2.7x1073
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Ap _ A(I;) . L : (4.12) N
o] T :

where A(H) is found to beﬂlinearly dependent on H as

.ggpéctgd from the data in Fig. 4.30. The values of A and -
‘A/H\fSuﬁa from the data are given in ‘Table 4.8 for various
~fielas and i£ isrgéen thé£ A/H is a constant in the field
range céveréd'in this study.
.§§§6

The MR of GdB6 below 11K is complicatgd because of
the lower temperature phaée. The behaviour of the MR below
11K will be discuséed separately. However, the MR above

12K is very similar to that of other antiferromagnetic

REBG. The field dependence and the temperature dependence
. of the MRege‘sthn in Fié. ﬂ.Blgsnd Fig. 4.35 respectively..
Below TN the MR has é'Hz dependence and can be expressed'
as , . P -
%-S - At , : (4.13)

where A(T) is temperature dépendent and the valderf A(T)

-

. is given in Tgble 4.9.

The MR of GdB6 ié almost the same for longitudinal
and transverse fields as shown in Fig.;4.3L,-where a very
small anisotrbpy is visible, whereas the MR for T> T _  1is

‘ , .
negative and is exactly the same for longitudingé:;gg

transverse fields. The negative MR for T>T_ is expected in

N

the paramagnetic state due to field-induced alignments of

£l

the magnetic moments. In the absence of any crystalline

~
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electric field because‘Gd3+ has L=0 (L = total orbital
angularumomentunw and is in an S state the anisotropic con-
duction electron-f-electron interaction’ is expected to be
zero (as discussed in Chapter 2). The anisotropy in TMR
and LMR is found po be zero for GdB, as expecged

: | , Py
accordihg to eqgn. (4.16) for an S ion (i.e. when L=0)."
‘DXBG

The MR Of DyB, is-similar to that of NdB6'for

T<<TN but for tg@peratures close to T, the higher field MR

N
starts to saturate (Figl 4.32). ‘The temperature depen-.
dence of the MR is like that of NdB, for H< 20K but for ‘..
higher'field the temperature dependence is ﬁuch slower -
than l/T2. The MR for T > TN is small but still rémaiﬁé |

‘positive. It is expected that the MR just above T.. should

N
be negative bhecause of the field-induced alignments of the
magnetic moments in the paramagnetic regime. However, if
the normal positive magnetoresistance exceeds the negative

magnetoresistance in the paramagnetic phase, then it is

possible to have positive MR even for T >T, as seen in

the case of DyB6. The MR data for H < 20KOe and T<TN is
found to obeéy the same relation as NdB6, namely,
é_o_ = i%L) o o - (4.14)
o T A ' '
where A(H) =.A/H. The values of A and A/H obtained from

the data are given in Table 4.10 and it is seen that A/H is

a constant.
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¥ TaBle"®.10: Experimentally determined value of the  *

parameter A fp;-DyB

at various fields.

. A/H

..0.06

0.06
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Anisotropy .ih magnetoresistance

-
jou

‘ The transverse magnetoresistance (TMR) is not the
o . ,n b . . - . (N ,‘ oot
same &S the longitudinal magnetoresistance (LMR) except

for GdB6 where the magnetic Gd3+ﬂis in an S-state, ‘i.e.

it has spherically symmetric charge distribution.

we know that pr37, Nd3+AaHd Dy

3¢
67 NdB6 an@ DyB6, -

have L=5,6 and 5 respectively in their ground states and

~In.PrB

therefore asymmetry exists in their chargé distributidns.
Such an asymmetry c¢an cause an anisotropic conduction
electron-f-electron scattering (Fért et al, 1977) depend-
ing on tﬁe direction of an external magnetic field as
discussed in Thapter 2. ‘Hencé, a differeﬁce.in‘ﬂyR and
" TMR.
| We have measured the fMR along‘With the‘LMR aifead?

discussed h1the;xéﬁi@xssection. The difference in the LMR

and TMR is the anisotropy in the MR,

o ..o Bpyy = LMR - TMR = (=) - (55) . (4.15)
e PPy T B e e

q

v,Thg gkg¢rimental bp,y is 'shown in Figs. 4.38-4.40 at

. different temperatures as a function of applied field. for
"PrB,_, NdBy and DyB. respectively. The main features of the

anisotropy curves are (i) increases with increasing

AQAN

field and decreases with increasing temperatures, (ii)

-

AOAN is a functiop of H2 at lower fields as expected from

the field dependence of the MR data, (1iii) ADRN is

negative for PrB6 and NdB6\and positiQe for DyB6 and it

Y
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Fig. 4.38 The anisotropy in the magnetoresistance
’ AOAN as a function of field (H) at

various temperatures for PrB,.
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Flg 4.39 The anisotropy in the magnetoresistance

AOAN as a function of field (H) at various

temperatures for NdB6 ,

SN
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Fig. 4.40 The &misotropy in the magnetoresiétance

AOAN'as a function of field (H) at ~various’
temperatures for DyB6.
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T e abOVe relation that ApAﬁ will ‘be negative for or

i

-
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Y

tehds to saturate at h&gher fields and higher temperatures.

In the absence of a theoretical s}udy*ef the MR of.,
.antiferromagnetic materials with rare earth ions it is not
possible tovdiscuss the above results quantitativelyi
However, it is,possible to correlate these results with
the Ap,, study of very dilute‘rare earth ions in noble

metals (Fert‘gt al, 1977, 1980). In a dllute alloy of rare

earth in noble metal w1th I,# 0 for rare earth ions therew

/

- . will be an ‘anisetropy ‘in -the MR. The sign of ADAN is given

1by

C« L(Ss - L), (4.16)

8oan <

i~

where L—-total orbltal angular mOmentum and § is the total

LI

spln angular momentum of 'the’ magnetlc rare earth ion. "fhe
above relation is found foéxanisotropic K-f interactions
ahd to a first approximation taking quadruéolar scattering
to be the main souree.of the anisotropy (see Chapter 2).

From the above expression it is expected that for the sys-.

3+

tem with Gd (L=0, S=7/2)" = 0. From the MR data

boan
'ln Flg 4.31 we do observe such a result. One expects from

34

(L=5, S=1) andiNd3 (L= 6, S= 3/2) and positive for D_y3+
(L= 5, S-'5/2 The,prediction of the. 51gns of ADAN for

REB6 1s quLte conSLStent with our results Based on thlS

con51stency we belleve that the anlsotropy in the MR is

main;y_duevtovthe'anisotropic quadupolar Ref scattering.
. N - o~ - - <o Jen .

There is some contribution to Ay probably .dué to normal

.
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magnetoresistance which is usually small.

'Low temperature second phase of GdB

6
The resistivity ’of,GdB6 below I1K gives a thermal

hysteresis which is associated with a low temperature
phase transition. The magnetic structure of the low temeﬁi.
perature phase is not known. We have measured the resis-
tivity as a functlon of temperature at a constant field:
with HIlT and H1 I, where I is the sample current. The.
7"Iresult is shown in Fig. 4.41. ’It,is‘interesting to note
that the resistance of the_samplé below 11K still has’
thermal hysteresis but the resistance has increased for
H I than uirgin state and the resistance has decreased fonr
HL I in comparison to.the virgin state, This shows a
strong anlsotropy in the resistance which has a dependence

on the direction of\%he magnetic field with respect to

sample current.

This anisotropy is very clearly seen in the isother-

mal MR versus field at T < 11K in Flg 4. 42 and Plg. 4.43

e

- .+ »for HITI and BT respectlvely One very dramatic result
,/~ as seen in Fig. 4.&2 and Fig. 4.43 is a large fjeld: hys—‘”'
teresrs in the resrstance. ThlS‘hystere51stvanrshes for.

12K ~The MR for, HJ]I increases very rapldly near 6KOeA

and tends to saturate at about lZKOe.‘ At hlgher flelds the i

Y

MR 1ncreases as 1n other antlferromagnetlc REB6, In the case

of Hi I the MR is negative and decreases rapidly and at

higher fields starts increasing as expected in an anti-

3
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Fig. 4.41 The temperature dependence of resistance (r)

- of GdBg at various fields (H) showing the

hysteresis associated with the second low

temperature phase. V.S. stands for virgin. g
state, when the specimen is cooled in zero

field from room temperature.
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ferromagnetlc metal. The fleld hysteresis suggests that

fthere lS some klnd'df magnetlc domaln allgnment. ThlS

" A T

L

| domaln allgnment 1s found to ‘be- complete ﬁor flelds above“

‘.}\x e

E

lOKOe and even whEn the fleid 1s‘reduced to zero the sys-—

@ R

. e

tem remains in that state.” It was. found‘that to brlng the

e

R

-sample to the virgin state it was_necessary-td'warm the‘

N : ) Al _ '
“sample above 11K after reducing H, to "zéro and then to cool
it-down in zero field. ~ - - . ‘e .. v,-lfh} St s

There is some evidence, from the torque meagure- - .

ments by Nozaki et al (1980)'on Eihgie«oryetal:CdB6, that' -

the lower phase of G@B6 has three equivalent domains-.and
these domains could be changed entirely to one single

domain for a magnetic field H 2 6. SKOe at 4. 2K. This

tran51tlon 1s qulte sharp in single crystal GdB6

For polycrystalllne GdB we do not observe such~a sharp

6’
' transltlon obv10usly because of polycrystalllne effects;'

) B
"_‘,.,

Nozaki et al (1980) have suggested that the conversion
‘between these magnetic domains_is similar to the spin-
floppingfof an-antiﬁerromagnet.‘fhe question;ie,'whgithe
resistance hae”such a strong anisotropy depenoing on the
direction of the exterhal magnetic field relative to the
¢ Sample current,for polyorystalline GdBG._ For tields_
greater thah 10KOe there is complete.conversion to a sing;e
doma%n. Thie conVersionAof.domain'has been found by Nozahi
:‘gE al (1980) to be analooous to:themépin;flooping of an--
antiferromagnet. If'this'is.so‘thenywhen HIII, H is L‘)erpen--~

‘dicular to the easy axis of magnetization and I perpendicular

L TR L PP,



127

o 10 30 .

o \,20
H (KOe)

Fig. 4.42 The longitudinal magnetoresistance of
GdB¢ as a function of external field ‘
(H) at various temperatures for T < 12K,
showing large field hysteresis in the

second low temperature phase of GdBé. x
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to the easy axis of magnetization,: hence.the resistance

_iis_gxpeqtgd,to“%n@rea5e>with increasing ‘field. While for
fH,QI,.again H is'perpéndicular to the easy axismof maghe—

“tization and I is in the plane of the easy axis of\{égne—'
el _ CoE A a8ss .
tization leading to a-decrease in resistance with increas-

" ing. field. This could account for the”anis£r0p§ in the MR
of GdB6 in its;lower‘phase. ‘ .

- Ce e o~
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' Fig. 4.43 The transverse magnetoresistance of
: GdBg as a function of external field
(H) at various temperatures, showing
large field hysteresis in the second
low temperature phase of GdB6.



CHAPTER 5 e e

[Za,Gd]Bs aND [La,DylB, ALLOYS

-

We have prepared three [La,Gd]B6

centration of Gd3+ ion in the range 0.051 < x < 0.285 and

alloys with con-

two alloys of COneentrations x=0.03 and 0.08. The resi-
dual resistivity ratio (RRR) is given in Table 5.1; The
"lgo:;eepohdehceghegyeehwhhie ratio and the nominal concen-
. «trééioh?af:ﬁhe-iﬁpﬁ;i;gfvefifieg'Eﬁathothef Empurity”
scattering was not important'ih these specimens.

The variation of reeistance with temperature in thev
‘temperature range from 2K to 20K is shown for [La Gd]B

and.[La Dy]E 6 1n Flg. 5 l and Flg 5. 2 respectlvely,along

. . un o - e ., > ,\,‘.), wrae ® - @ W o~

"@a&v > LT

" with ‘the Tésidfance data of non-magnetié LaB,. 1aB showscua""

6 76

'no temperature deﬁendence below 30K hence the variation

of resistance in Fig 5.1 and Flg. 5. 2 arises from the

substltutlon of Gd and Dy on some of the La SLtes. There

7

is no sign of the Kondo effect in the resistivity data.

At the lowest temperatures the resistance varies as ¢T3/2,

which is expected for a spin glass as discussed in Chap-
" tér 2. However, in common with resistance measurements on

-

other spin glasses there is no feature in the resistance

vs temperature-data that Gan be' clearly identified with
) s . ) .

the transition to the spin glass state. "It should be

mentioned that thevsign of the s~f exchange energy J,

believed to be responsible for the properties that arise

4

Tee ‘139.
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‘specimen resistance.and Rg=10.1Q, as a

function of temperature (T) for [‘La,'Gd]B_G.
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L from the magnetlculons in” these materlals,.has not been

"o

:determlned. 'Slnce“RKKY 1nteractlon is osc1llatory 1n"

e

nature, the 51gn of J depends in a dellcate way on the

-

structure and unlt cell Slze.‘ In the absence of a-Kondo‘

effect 1t 1s pOSSlble that J is p051t1ve, whlch would
ﬁfprbduce a mreverse Kondo" effect. The re51stance varia-

-‘tlon would then be obscured in these alloys by p0551ble

o spln—glass ‘effects “even above the free21ng temperature. = o
| e ed data’ are presented in Figs. 5.3 and S.4.. ..

The main features of the TEP data are as followst (1) A
.maximuﬁ‘is observed in the TEP and'theAtemperature'at'
which’.the maximum occurs, increases. with incre®sing con-
centration of ﬁagnetic ilons. {(ii) Tne TEP finally becomes
negative. This slgn-change_is,characteristio of a spin
glass (Fischer, 1980,.1981; and Matho and Béal—Monod, 1974)
7and lts‘rariation with alloy eoncentratlon‘together with
the increase in the maxlmuﬁ'should be‘eXpeCted.f—lhe TEP

is almost linear in T with a negative slope for T> T max"

&

The value of T ma x. for.dlfferent concentratlons 1s glven in -
Table 5.2. To our surprise we observe a spin glass beha-
viour even for 28% Gd concentration. There is no evidence
whatsoever of any long ranée magnetic order for”[La,Gd]B6

alloys with concentration of G4 up to 28 at. %.

It is possible to characterize the{s?st@mnicsin the
" TEP data by Fig} 5.5. A plausible physical interpretation
of the terms of. Fig. 5.5 is as follows. The high tempera-

4

ture region, i.e. the region of T>T . can .be described by



’ 135
R T (K) -
0 5. 10 15
’ AAA- A . [L_a_- Gd]BG
R .
- A a
A
A ‘A
S |
A . oL
S 4\“& | jA | 0.6 |
Qv : 4 28% Gd 1
K T " ]
l’ Lol 4 :
"' '.. ~.. ] 04
] r J
1+ P% - % a —
:' A - ° %o o. : 0.2
v 2 1
“'l" . %% .0 .
"",, R Se 5 . —~
OrF *° 5
[ ] o °
[ ]
Gk .,‘
| 1 | l‘l | !
0 5 10 15 20 25 30

Fig. 5.3 Absolute thermoelectric power (S) as a func-
tion of temperature (T) for [La,Gd]Bé.
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TabLe 5.2 Experimental values of T r T ax

. fot [La,Gd]BGA:a‘r}d [La,DylB, spin glasses¥

"'-"5‘

a

nd s
m

ax

:.saﬁpie‘ T_ (K) nax (K max(ﬁvx*
g-
LLaOi949GdOLOSi]és>..ﬂ.lO.Q', 2.1 0.31
¢L50_897éa0;i23jag 9.5 3#0 0.46
[L§0.715Gd0'285156 41.0 17.0 2.48
[Lao.97 Dy0.03]B6 8.3 2.3 O.lg
(La; g, Dyb.OS]BG 8.8 3.8 0.19
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|

Fig. 5.5

The température dependence of the thermo-
electric power (S) of dilute magnetic
alloys is parameterized in terms of S

. max
T and' T _. .
max : o

14
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a one—impurity regime. For T<<T the 1mpur1ty 1nterac—

tions domlnate leading to a max1mum S at T . Thls
max max"” . -

o Tﬁax is expected to be related,to the spin-glass freezing

For spin glasses with J<0 (e.g. AuFe etc.)

temperature‘Tf.

T 1is related to T_.® as
o . £

wherel&istibonstant, which depends on J and the density of

states. In the absence of precise knowledge of T

£ (wh}chv

tion between To and T, for J>0, it is not possible‘to
]

bid

) find the constant (A) . However, it is clear that a. sys—

s

‘tematic ex1sts in the TEP data of these spln glasses even

when the concentratlons of magnetlc 1mpur1t1es are very

hlgh. These are the flrSt TEP data for spln glasses of

o

J >0, type-.
'In,conclus;on,4we have' observed spin-glass behavieur

in7re?istivity and TEP of [La,Gd]B, and [La,Dy]B, alloys

6 6

- for concentratlon of rare earth ion as high as 28 at. %

(Ali and Woods, 1983a).
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may be found from susceptibility measurements) and'coprelaf :



, CHAPTER 6 |
: *7‘*_; ML’OYS J BN

In thls chapter we present experlmental results and

: : : LR T S . .
,'dlSCUSSlOn of some diluté. yttrlum—rare earth all@ys. The"

'er PN
ul

alloys studled\and thelr re51dual resastlvlmy ratlo are
¢ ‘{

< R 4‘,

4

given in Table G.l.

N l. ~ .
The variation of res15tance (r==RX/RS)

with tem-

v

perature for YCe (Ce=:3% and»l&%Y is&showdwihfFig.G.l. For

the 3% Ce alloy we observe a typical Kondo. behaviour with
a resistance minimum‘at ~22.2K. But as we ‘increase the

concentration of Ce ions, the resistivity~behaviour changes.

.
|
i

For 15% Ce we observe KFig._G.l) that'at;the'lowest tempera=~

R

tures the resistance first.increases with T, goe??tﬁroﬁgh "

‘ . . e : . -,

a small maximum at ~4.5K, then to a minimum at ~7K beyond
which itvmonotically rises'Wl%h temperature. 'Belo& 4.5k
the alloy is shoﬁ}ﬁgva spi%%giass behayiour and abovewthat,
a Kondg effect. (A slmilar effect has been observed- in ‘

conoeﬁtrated Lal XCe}‘( alloys (Zlmmer and Schilling, 1978)
O . .

“and - dilute AuFe alloys (Mydosh l978). . i

,Flgure-6.2 shoys the t erﬁoelectric power (TEP) as
a functioo ofltemgeraturé; ‘Thyere is a broad peak at about
~20K fo; 3% Ce Withzﬁaaxf l;,;t{K. This peak is assoclated
with theoKondo temperatﬁre TK?-ZOK for 3% Ce in Y. A
‘similar ptoad;peak is also found for-the 15% Ce alloy at

~17K but the value of Smax: 2.1 gv/K'which is an order of

oA . 140
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Table 6.1 Residual resistivity ratio of Y-RE alloys.

)

S‘arﬁpl‘e _ - " RRR - | . o
Y0.97%%0.03 6.0 ‘
¥y.85%%0.15 | 4.2

, ¥0.97°™0.03 ’.0
Y9.97™00. 03 7.7

i
' Y0.98%0.02 13.8

Y0.90%Y0. 10
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magnitude smaller than in the case of 3% Ce alloy. Thetre

‘is changé of sign in the TEP at'TO: 40K for 15%‘Ce as
o : e
P

expécted fOre# spin glass (d;scussed in Chapﬁgr 5) But no
such change was found for 3% Ce alloys. =

| The¢&esistance aﬁd TEP.data.for Yl—xDix (x=0.02
and~0f10)‘are‘shown in Fig. 6.3 and'Fig.;é.Z. The resis-
tance increases with T but no sharé phase transition is
evident. At lowest temperatures the :ésistahce beﬁaviour
is iike Séin glaﬁs thch is also ‘evident in_%igj 6.2
where a broad peak'in4the TEP and a chénge in sign in S
from positive to nega?ivé,is seen. The values of Smax;
Tma# and fé‘aré giyen for each alloy in Table 6.2. FOf the
10¢% Dy.alloy'the resistancé increase in T is faste;ibelow
6K but: no explicit helical ordering.of theftype suggested
by Sarkiséian_and Coles (1976), is evident.

Results for ¥Sm (3% Sm) and YTb " (3% Tb) alloys are
shoWh in Fig. 6.4 and Fig. 6.5. The resistance ver&us
temperature curves for these alloys sﬁow clearly a sharp
transition from an antiferromagnetic to paramagnetic phase

(T..=5.0K and 5.2K for YSm (3%) and for YTb (3%) respec-

N

tively). Below TN the resistance increases very rapidly

with temperature, whereas the éiope of the curve decreases

above T _ and becomes almost constant at higherAtemperatures.

The resistance has a temperature dependence. of 73 at T<T

N

N
for both YSm (3%) and YTb (3%) alloys. Such a temperature

~

dependence is expected in an antiferromagnetic alloy below

A .
TN due to spin-wave and conduction-electron interactions.
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1

Table 6.2 Experimental values of S , T and T
~ , . “max max o

for Y-RE alloys.

Y

Sémpie- ' S ax (HV/K) | Tmax(K) 3 T (K)
vce (3%) 13.0 | 20.0 | 'ﬁ_-‘. _
YCe (15%) 2.1 | | 17.0. : v41.d;
Ysm (38) ° 2.3 " 15.0 ©  26.8
¥Th (3%) 2.0 ' 16.0 280
YDy (28) | 2.0 1.0 26.0
YDy (10%) 2.3 13.0 31.0

L'}

o
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The effect‘of dilutien“deWhlgo 3% 8m and Tb in Y is a

reduction-of T, as the strength of the interaction between

N
the magnetic moments (RKKY type) is reduced. Sugawara

(1965) has"bserved a similar behaviour from resistivity

1

meésurements on dilute YTb alloys and obtained TN% 5K for

an elloy with 2% Tb. Nagasawa and Sugawara (1967) per-
formed susceptibility measurements on a ser}es ef dilute
YTbJalloys and obtained the temperatgre Tx of the suscep-
tibility maximum. For a 2.7 .at. % fTb allby they obtained *
Txe=ll.5K and noted that in dilute'alloYs Tx does not

always gorrespond~to TN. The sensitivity othhei;~;esi3r'

PN

tivity data was not sufficient for them to locate TN from

the elope changée. Sarkissian and Coles (1976) eaw a'sﬁs—
ceptibility maximgm-at Tx::lZK for a YTb (3% Tb) alloy,

but the resistance showed no increase with deereasing tem-
perature below Tx,‘xhey identified this as a spin-glass
material. Their specimens were chill cast after arc melt-—
ing, whieh may have had an effect on the lqw temperature

. resistiv;ty and they.may have missed a slope change over a
narrow temperature range with normal potentiometric measure-

ments. It should also be noted that the TEP shown in

Fig. 6.5 has a broad peak for YSm (3% Sm) and YTR,d

alloye'and<doee not show any evidence of the pha;*rtransi—
tions. ‘The TEP data of diiute rare earth alloys can be chax-~
acterized in ‘the similar way as is done in Chapter 5 for
dilute [La,Gd]B6 and [La,Dy]B6 alloys. The,deta can he

parameterized as shown in Fig. 5.5.
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2 5 10 15
T(K)
Fig.6.4 Normalized resistance (r=R_/R_)as a function

of temperature (T) of YSm (%% Em) and YTh (3%
Tb) alloys.
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Y0.97 SM .03

T(K)

Fig. 6.5 Absolute thermoelectfic‘ﬁ@wer (S) of ¥YSm
(3% Sm) and YTb (3% Tb) &Y¥leays as a func-
tion of temperature (T).
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'From .the above results we conclﬁde that we have |
observed the Kondo effeet'in a dilute YCe alloy and spin-
g;ass.behaviour in more concentrated YCe alloys. Spin-
glass behaviour is also found in dilute YDy alloys, but we
clearly obeerve an antiferrdhagneticlphase a£ low tempera-

tures in the resistivity of Ysm (3% Sm) and YTb (3% Tb) .

The TEP on the other hand shows no sharp’éhange assoc1ated

. |
with the phase changes.. \\'

Thus here we have dilute rare earth‘alloys exhibit-

A

ing three dlfferent kinds of magnetic properﬁges, namely

L3 ; .

(1) Kondo effect, (ii) spin-glass behaviour, and. (iii)

romagnetic behaviour. To investigate the magneto-
“IMR) of three kinds of systems we have measured
the MR of YCe (3.at. %), YDy (2at. %) and YTb (3 at. %)
alloys. The isothermal MR of YCe (3 at. %) is shown in.
Fig. 6.6 at different temperatures; The MR of YCe (gaf. %)
is.negative 3n thelentire range of the external maenetic
field and it has a field dependence of H" (1<n< 2).% The
MR of dilute magnetic alloys in single impurity regime has
been theoretically oaleulated by Béal-Monod and Weiner
(1968) usiﬁq an isotropic hamiltornian of the form shown in
eqn. (2.1). Tt is found that the MR is negative and for
(g H/K T)"] the isothermaf’MRﬂhas a H2 field dependence.

This behaviour is exhihited berause of the freezing out of

the spin-flip scattering due to the alignmen*+ of the magne -

tic moments in an external field. Therefore the MR of VYCe

(3at. ¥) is consistent with the aboVe*theory, In Fig. 6.6

150
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only the longitudinal"MR is shown but the transverse MR

'differé_only in-that it is slightly larger in magnitude.

The magnetoresistance of YDy (2at. %) in the gara—

ma%netic‘témperatgre range is shown in Fig. 6.7. In the

-pardhagnetlc .phase of a spin glass, that is for tempera—

tureQ T?>Tf, it should be possrble to treat the MR in ghe~
dllute magnetlc altoy approx1matlon - We observe %rom N
SE

Flga 607 that the MR is negaﬁlve at low fields for the
4.2Kvlsotherm and for lOK‘transverse isotherm and becomes
positive with increasing field. At higher temperatures
the MR remalns positive at all values of the field and
increases with increasing field as *Hz. Another interesfi
ing feature of the MR data'fof lé? YDy (2 at.%) alloy is
that the TMR is always greater than the TMR. Tn the para-
magnetclic range it is reasonable to treat YDy (2 at. %) alloy

as < dilute magnetic allny in the context of the Béal-Monod

and Weiner (1968) theory. We then expect a%egative MR

n

‘with (AP/OO) ~ ~-H7, 1 < n < 2. The negative MR at 4.2K anA

10K for low Fiélds is caused by the reduction of spin-flip
scattering due to field-induced alignment of the magnetic
spins as expected in case of a dilute magnetic alloy. The
positive MR in YDy (2at. %) arises from' the dominance of
the 'normal magnetoresistance' at hiqher‘fi01ds and tempey -
atures created by the Lorentz force. At the same time

anisotropic scattering between the ~anduction alectrons and

f-electrons would prodiice disagreement with Fhe theary for



Fig f.6

-&

1

() ?\§L;;1() 2!() ’ ' :3()

Isothermal haggetoreéistance (Ao/od) versus
magnetic field. (H) at different temperatures
for YQ%}(Bat.% Ce) . ' :

9. £
““%’ 2 2] . «
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wthe di;ute'magnetig alloys with only isotropic scattering
(Béal-Monod and Weiner, 1968);

It has been shown by Fert and cé-workers (1977,

v

1974 and 1980) that the anistfopy (A= LMR- TMR) in the MR
of dilute AuRE and AgRE (RE = rare eérth)alloys is due to
the anlsotroplc conductlon electr0n~f electron scatterlng

and 1t is malnly of quadrupolar type The 51gn of the

_anisotropy changes as . L

N A=LMR-TMR“L,(S-%) , . A (6.1)

where L and S are the total orbital angular momentum and -
: . ‘ . 3+

the spin of the magnetic ion respectively. Hence for Gd3

ions (L=0) the anisotropy is zero as found for AuGd and

iAng a1loys (Friederich and[Fett, 1974; and Fert et al, A

- S 2
1980). The sign of "A is expected to be positive for Dy3+ ]
(L==5; S=5/2) and for YDy (2at. ) alloys A is observed

to 'be positive at all temperatires. A negative A is

observed for YCe (3 at. %) as expected for Ce3+ (L=?3,

A

S=1/2) from eqgn. (6.1), ‘but the ditfetence'betWeen LMR ™

~and TMR is very small.

=1

-

The MR data (Fig.. 6.8)‘of the antlferromagnetlc

‘e

YTb,(3ét. %) can be dlscussed 1n two tempe%ature reglmes,

. , .
one for T TN ( N

" 4.1K isotherm in Fig. 6.8, the MR is positive, increases

~ 5.2K) and the_other for T> TN' For the .

with increasing field and reaches d maximum at a critical

field Hé {at T=?4.2R)= lZKOéF%and above Hé the MR decreases

mohotpnicaily with'increasing field. The critical field
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’ ‘ ‘g N :B 2 .
Yo.08 PYo.02 " 20kl
i Longitudinal | A
1 Transverse )
6 : i

™
.
X 3F
B
Ot
21 > L -.1
e 20 30

H(KOe)

Fig. 6.7 Isothermal magnetore51stance (Ap/p,) versus
g magnetlc field (H) at different temperatures for
YDy (2at. % Dy).



H = 12K0e is the field at which the transition from anti-
ferromagneticito paramagnetic phese occurs at 4.2K. ‘The
"increase in the positive MR with‘increasiné.field is con-
sistent with the  Yamada and Taka@a (1973, 1973a) theory.
The increase in the MR can be explained as an enhancement
in the spin fluctuations with inereaeing‘field up to“a
critical field H - This is a mechanism'opposite to the
ferromagnetic or paramagnetic.case where thevspihs align
in the presence of aﬁ external magnetic field, causing a

suppression in the spin fluctuations and hence a negative

MR. That is why above ch 12K0Oe the MR.starts decreasihgf

with increasing field as obgerved for the 4.2K isotherm
of YThb (3 at. %) in Fig, 6.8. ‘

The MR of YTb (3at.’%) for the paramagnetic temper-
atures (i.e. T:?TN) is always negative ang-decreasee witﬁ
increaeing field as expectgd in the paramagnetic ptase.

n

The field dependence of the MR is like (80/p ) = -H",

(L<n<2). The anisotroﬁy (A) for ~T> T  has a positive

155

sign, that is LMR is greater than TMR. This is consisteht_

with the expectatlons of eqn. (6.1) for TYb (3 at. %) with
3+

T (L=3, S=3). A final remark should be made that the

,anisotropy (A) decreases with increasing temperatures,
again qualltatlvely con51stent with the results of Fert

and co-workErs' (1977, 1974 and 1980) ...
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CHAPTER ‘7

CONCLUDING REMARKS

.We have done a systematic study of the low
temperature resistivity, thermoelectric power and magne—‘
‘toresistence of antiferromagnetic Rare Earth Hexaborides
(REBG)nitCeBG, a {dense Kondo' material, exhibits enoma—
lous behaviour. It is concluded from this study that the
'Kondo Lattice' model gives a gualitative understanding
of the experimeptal resistivity and thermoeiectric power
results. |

At lowest temperatures, where there-ere no signifi-
cant excitatione of magnons and phonons, we observe a T2
dependence-+in the resistivity of all the REB6 we have
studied. This T2‘dependence has been associated with the
electron—electron scattering of Baber-type (Ali and WOode,
1984). The magnetic resistivity.of'the ﬁEB6 in the anti-
ferromagnetic regime has a temperature*dependence,of.e;thern
73 or'T4 whicR is in good agreement with the theoreticei
predict;ggiuof Rivier and Mensah (1977). The thermoelec-—
tric pewer of REB6 has a minimum.at low temperatures tﬁat
is interpreted tembe'due to the phohon and magnoh drag

effects. We have estimated experimentally the magnetic
contribution to the'TEP for T >> TN. This TEP called the
spin-disorder TEP (Sspd) by Gratz end Zuckermann (1982) is

found to be negative and linear in temperature.

157
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For the fitet time a systematic experimental etudy
of the magnetore51stance of antlferromagnetlc metals w1th
locallzed magnetlc'moments has been done in this presenta—
tion. We have found that the MR oﬁ REB6 metals (for T<:TN)
is positive and increases with increasing‘external'magnetic_
field. This positive MR is interpreted to be because of.
an enhancement of the spin fluctuations created by the
presence of the external magnetic field. Similar results
have heen found.for another antiferromagnetic metal
GdRhl 07Sn4 21 (Ali\et al. 1984). An anisotropy in the MR
has been observed and found to be malnly associated w1th
the anisotropic conduction electron—feelectron interaction.

'We have done detailed measurements  of resistivity
and thermoelectric power in the immediate neighbourhood‘of
,iN (the antiferromagnetic to parayagnetic phase transition
temperature) and are able to exttact values of o, the cri-
tical exponent, for REBé compounds (Ali and Woods, }982).
It has been found that there is a linear relationShip
between the temperatute‘de;iyatives of the resistivity and.
" the TEP in the vicinity of T, (Ali and Woods, 1983, 1984a):
This is in accordance with the theoretical oredictions
(Ausloos, 1977) that all tfansport coefficients have the
same  temperature dependence in the vicinity of T

We have measuredi the low temperature electrlcal
resistivity and absolute thermoelectrlc_power of a few alloys

of [La,Gd]B; and [La,Dy]BG;with différent concentrations

of rare earth ions. The resistance of these alloys varies
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3/2

as ~T ‘which is characteristic of spin glasses at low

:temperatdrés. The TEP shows a broad positive pe;k in the \
’lower part of the température range and‘becomesvnegative
at high temperatures; a feature typical of a spin glass.
We observe'spin—glass behaviour even for 28 étomic percent
of ca’* ion (Ali and Woods, 1983a). |

 The temperature dependence of resistivity, TEP and
MR of dilute Yl-xREx (RE=Ce, Sm; Dy and Tb) alloyé has
been also investigated. YCe (Ce = 3%) exhibits only a
typical Kondo effect, whereas YCe (Ce = 15%) shows spin-
glass behaviour at low tempefatureé with a Kondo resistance
minimum at ~7K. For YDy alloys, 2% Dy is sufficient cén—
cenfration to proddbe spin-glass behaviour with resistance
varying és'f3/2'at lower»témperatures 5nd,a broad peak in
the TEP with a sign change from .positive ﬁo'negative at a
higher temperature. We observe an an#iférromagnetié to

‘paramagnetic pPhase transition in YSm (Sm= 3%) and YTb (Tb=

'3%) (Ali and Woods, 1984b).
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