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Abstract:

The effect of the weak ferromagnetic-antiferromagnetic transition on the electron transport properties
has been observed in synthetic, . single-crystal, magnesium-doped hematite (nominally 0.5 percent
replacement of iron). Separate measurements of the transverse voltage were taken with current flowing
along the [111] direction and within the (111) plane. The predominant results are: 1) The activation
energy of the transverse voltage is quite different for current flow along the [111] direction and in the
(111) plane. The energies are -1.3 and 1.3 ev, respectively.

2) The transverse voltage produced for current flow along the [111] direction is altered as the crystal
undergoes the weak ferro- magnetic-antiferromagnetic transition at the Morin temperature (TM),
whereas no change is observed at TM for transport in the (111) plane.

3) No normal or anomalous Hall effect is observed for current flow in either the [111] direction or the
(111) plane; however, a second order dependence upon the applied magnetic field is observed for the
transverse voltage.

4) The data also indicates that the activation energy of the transverse voltage is dependent upon the
current density (more properly the applied electric field) within the sample under test.

The observed results are interpreted in terms of a model which considers the effect of the magnetic
state upon the electron transfer process within the crystal. The electron transfer energy is assumed to be
a function of ?, where ? is the angle between the quantization directions (determined by the large
internal magnetic fields) of the iron ions between which the electron is assumed to hop.

5) It was also observed that the transverse voltage of the samples studied was dependent on the
magnetic structure. The effect is believed to be the result of the sample being an array of resistors in
which each resistor is a magnetic domain and within the domain the electrical properties are a function
of its magnetic state,
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PREFACE

An interesting and as yet little investigated problem is the
consideération of charge. transport in materials that pésSess a magnetic
state,

This thesis cousiders only a very limited portion of this prob-
lem, but it is hoped that it will, because of the interesting experi-
mental results obtained, provide motivation for more studies in this

area.

The work begins with a brief discussion of why the magnetic state

of a material may affect its conductivity.

Terms and concepts which may be unfamiliar to the reader are
introduced, affording a glimpse of the overall proBlem, Then; in sep-
arate sections, these concepts'are more completely descfibedland simplé
models are used to illustrate them. These simple models are shown to

apply to hematite and hence the hypothesis to be tested is formulated.

Chapter Two describes the experimeﬁtal configurations. Chapter

Three presents and discusses the results of thesé experiments.

The conclusions are summarized in- Chapter Four.
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ABSTRACT
The effect of the weak ferromagnetlcwantlferromagnetnc transi-

tion on the electron transport properties has been observed in syn-
thetic, . cinglie- crystal magnesium-doped hematite (nominally 0.5 wercent

replacement of iron).” Separate medsurements of the transverse voltage

were taken with current flowing along the [lli] direction and within
the’ (111) plane. The predominant-results are: '

1) The activation energy of the transverse voltage is quite
different for current flow along the [111] direction aud.in the {111)
plane. The energies are -l.3 and 1.3 ev, respectively.

2) The transverse voltage produced for current flow along the
[¢11] direction is altered as the crystal undergoes the weak ferro-
magnetic-antiferromagnetic transition at the Morin temperature (T,),

whereas no change is observed at TM for tramsport in the (111) plane.

3) No normal or anomalous Hall effect is obaserved for current
flow in either the . [111] ‘direction or the (111) plane; however, a
second order dependence upon the applied magnetic field is cbserved -
for the transverse voltage. :

Lt} The data also indicates that the activation ererzy of the
transverse voltage is dependent upon the current density imore properly
the applied electric. field) within the sample under test.

The observed results are interpreted in terms of 2 model which
considers the effect of the magnetic state upon the electron transfer

_process within the crystal. The electron transfer energy is assumed to

be a- function of ©, where 6 is the angle between the quantization
directions (determined by the large internal magn@tic fieids) of the
iron ioas between which the electron is assumed to hop.

5) It was alqo observed that the transverse voltage oi the
samples studied was dependent on the magnetic structure. The effect is
believed to be the result of the sample being an array of resistors in
which each resistor is a magnetic domain and within the domain the ,

'electrlcal properties are a function of its magnetic state,




INTRODUCTION

In considering charge transport in a material that may poésess a
magnetic state, be it ferromagnetic,'ferrimagnetic, or antiferromagnetic,
the question arises, '"What will be the effect of the internal magnetic

fields; associated with the magnetic state, upon the mobile ‘charges?"

If one follows the approach suggested by Weiss in his successful
explanation of spontaneous magnetization ome would consider the internal

magnetic field given by

Hy = H + vk ‘ , BN 6D

where ﬁA is the externally applied magnetic field, M is the magneti-
zation of the material under consideration, Y a constant of uﬁkhown

origin, and ﬁI is the internal magnetic field.

This suggests that the Lorentz force would be of the form

F=ov x (A + 7D, - = (@

mneglecting for the moment any possible electric fields. g and ; are,

of course, the chérge and velocity, respectively, of the mobile charge.

In ferromagnetic materials 7Y M- is of the order 105.“ lO7 oe.,
. It wonld thus seem that such fields cannot be neglected in considering

T(1)

. possible Hall effects. This is indeed found to be the Gase.

If the class of materials considered is éxténded to inélude anti-

'ferromagnetics the magnetic fields now involve an additional term to
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describe the effect at a two-sublattice antiferromagnet.

The concept of a sublattice is convenient and appropriate when
-discussing antiferromagnetism and ferrimagnetism. It is -used to des-
cribe a crystal structure-in ﬁhich layers of atoms all possess a common
magrnetic orientation. Thus, for example, a tWOwsublattice antiferro-
magnetic material may be imagined as é structufe‘composed-of alter-
nating layers, each layer cdnsisting of atoms whose.magnétic moments are
parallel within a layer but in eacﬁ layer the magnetié moment-is anti-

paréllel to the adjacent layers. This is illustrated in Figure 1.

In a2 two-sublattice modei

A= (f,, i, §) 3 : (3)

where MA and ﬁB are the appropriate magnetizations of the two sub-

(2)

lattices.

At ‘this foint.the'coﬁcept of a moleéﬁlar fieid begins to cause
serious difficulties when descgibing the motioﬁ of.a'charged particle
in the crystal lattice. Tﬂe fields must var§ with positioﬁ (something
not required in the simplest model of a ferromagnet) because there are
two sublattices to be considered. .In tﬁ% simplest approach, that in
- which £he magnetic field ﬁithin a2 given sublattice is constant,.the
Lorentz force acting upon. a charéed partiélé wouid.depend uﬁon withiﬁ

" which sublattice the motion ocours.

As soon as there is to be transport of electrons through the

alternating subiattices it becomes apparent that the éimple model
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Figure 1. Illustration of a Two-Sublattice System Consisting -. '
of Layers of Atoms. Within each layer all of the
spins of the atoms are aligned. : o
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- postulated is much too simple.

. ‘While it is still clear that the molecular fields may.sighifin
cantly affect electron transport in antiferromagnetic materials, the

models to be used in such a description now become unclear.

A group of materials that may allow these problems to become ten-
able, although through a more involved approach, are certain of the 3d

oxldes., .

The 3d oxides consist of materials formed of oiides of the elements
having incompletely filled 3d electronic shells. Some-of'these materials
are serﬁiconductors9 C(»Fezozland Ni0O, for example. There is reason to -

believe (3) the 3d wave functions in these materials do not overlap or .
only very weakly overlap, and thus a type of conduction occﬁré”in which
the mobile electrons spend most of théir ti@e localized on an Fe ion and:
are best described as being localized. Therefore, the.systgm is more
appropriately described as possessing discrete energy Ievelsg‘gather
thaﬁ energy bands, at its Fe or Ni host ion. Tken coqdugtioﬁ occurs by»

a transfer of the electron from ion to ion. This type of conduction is
frequently referred to as Y“hopping'.

Such a transport mechanism is characterized by an'aétivation
énefgy associated with the movement of these.éelf—trapped‘cafriers."
Their mobility will be extremely lowvbecéuse'ﬁhéy spend most- of their

" time trapped on the host ion.
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Howéver, if indeed the mobile electrons do spend a significant
portion éf time at a 1ocalized'sité, it is quite likely that an elec-
tronic polarization of the surrounding neighborhood will result and the
mobile electron will, while localized?'be reduired to satisfy Hﬁnd's
rules. The mobile charge togethe; with‘its resultant lattice dis-~

(L)

tortion is known as a polaron.

If the ivinerant electron is subject to Hund's rules, an inter-
esting possibility arises if the material is antifefromagnetic° The
stage is then set to satisfy the conditions required of double exchange.
(5)

Double exchange was first suggeéted by Zener and later expanded upon

(6) (7)

by Anderson and Hasegawa and_de Gennes . Double exchange involves
the transfer of an electron from one ion site. to apnother ion site when
the two ions have different quantization directions. The energy re-

quired to trausfer the electron is then angularly dependent ‘upon the

relative orientation of the ion sites.

This is exactlly the'case for CX—FezQz: Conduction is thought
to ocour by'hopping, the transport of charée occurring among the Fe 3d
electrons; it is antiferromagnetic at certain temperatures,; thereby
magnetically,orienting the spins of the.Eé ions, but it has the added
- feature of undergéing a pﬁase transition in which fhe spins of the Fe
ions reorient fhemselves'but,no dimensional chanées-occur within the
crystal. 'During'this transition the”matgrial goes f;dm an antiferro-
ﬁagngtic to a weakly ferrpmagnetic stateAdver-a fempérature of approxi-

‘mately one degree centigrade. This transition, to be discussed in




‘will be designated as occurriné a% TL

A Y—— | Ll

~6- - o
(8)

detail later,; is commonly referred to as the Morin- ,'franéition'and

W; This typicélly occurs in the

range of ~10 to -40°C (9)°

Some conductivity data is availablelfdr]iematite, D(e“éa 37 but

most of it has included only sStudies of polycrystalline materials.

Morin's'dataglo) on sintered hematite doped with tifanium
”suggestsh a change in the Hall véltage as the tempera£ure of the sample
passes throughih . He stated in that papér that singlércrystal data
would be forthcoming but to the best of this aﬁthor's'knowledge it has'

(3)

never been publisheds In later work, Morin claims no Hall effect

should be pfesente More recent work does predict a Hall effect for

polaron motion(k’ 15, 1%, 15)° B

We™ shall now discuss in more detail the magnetic and eléctrical
conduction properties of hematite and how the conduction process may be

influenced by the,mégnetic state of the material.
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A. Magnetic Behavior of Hematite

The crystal structure of a unit céll of hematite is illustrated

in Figure 2.

‘To discuss the magnetic properties of hematite only the orien-
tation of the magnetic moment of the Fe ions need be known, Figure 3
shows the orientation of these ions' magnetic moment with respect to the

crysiallographic axis, above and below the Morin temperature.
Thus, it becomes apparent that below TM the sum of. the magnetic °

moments of the Fe ions within the unit cell completely cancel and the

material is antiferromagnetic. Not so above TM9 where there is a net

moment, in the (111) plane, in.the amount of

, _ __— -
L ferromagnetic ~ t lMOl Sin o BEERE ()

3+

per unit cell. M_ is the magnetic moment of one of the Fe” .ions. This -

0

canting phenomena is-known as weak ferromagnetism, ctbeing the fanting angle.

(16)

Dzialoshinski ™ has shown that a material may exhibit weak -
‘ferromagnetism under certain symmetry configuration.  Hematite satisfies.

these reguirements.

The energy term Dzialoshinski obtained is of the form .
=Di- M x M s (?)

i
weak

b

are the magonetic moments of the two.sublattices, féspéétivélyz, It should




Figure 2. Crystal Structure of o(-Fe O,. _The open,and
3%
]

2

shaded circles represent Z 0“7 and Fe

respectively.
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Figure 3. Magnetic Structure of o< ~Io?OP. Arrows respresent

magnetization of iron ions.
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be.noted DZialoshinski stated that this phenomenclogical theory is
possib;e by symmetry arguments, but -he did not specify its origin.
Consideration of spin-orbit coupling and the exchange interaétion using -
the‘pefturbation tﬁeory of quantum mechanics will indged prodﬁce'such

' <17),

(18)

' Aritman, Murphy,_and Fonér vcénsidered the températufe dependehce
of the magnetic dipolar field energy and the fine stfucturg aﬁisotropy |
energy and were able té show that these energies are very c%ose;in’mag—
nitude but compete for the directional orientétionlof'the magnetic moment

of" the Fe ions within the.cx‘ystal° Using anﬁiferromagnétic resonance to

obtain the constants needed in their theory; they were able to prédict

- quite closely the.ratio. of the Morin temperature.to the Neel temperature.

. The Neel temperature is the temperature at which the material_becomes'

paramagnetics

There have been a number of studies o£3the magnetic properties
of hematite. Perhaps the most systematic studies wene_thdée.bf Lin(19’
20, 21) . T VT L

"« -He studied the magnetization, susceptibility and transition
temperature. The last paper(zl) dealt with synthetic singiq cfystals
while the others concerned themselves with natural crystals. Because of

the difficulties emcountered in growing synthetic crystals, ﬁbst studies

are on natural crystals. 'Among;those~studies there ‘is natgfélly much

: ihconéistancy of the data and it is obviously difficult to make studies

of’ﬁhe éffect of doping in such crystalé, 'Sintered.qustalﬁ have been

'used-éuite extensively. These are polycrystalline and thﬁs'ha&e_g:ain
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bouncaries which have drastic effects on demagnetizing fields in magnetic
materials and should be avoided in studying fundamental properties of
magnetic materials:unless, of course, one is interested in just such

effectls.

Two types of aeviations from the idealized Morin transition do
appear in such studies: (1) the Morin transition may possess a 1afge
"M.ine width', The transition occur;ing over:as much as a 40°C range(9);
(2) a shift of the Morin temperature to lower values és the materials
are dOPEd(zg)é These two effects may occur simul%éneouslya"This be-~
havior is illustrated in Figure 4. |

The origin of this modified behavior isknot undersiood. One

(23)

author has claimed to observe that the widened tramsition is actually
composed of many small shifted transitions, and he suggests that the
total response is that of many separate regions of the crystal undergoing

the normal narrow transitions.

This may be imagined much like the. flipping of many domains similar

to the Barkhausen jumps observed in ferromagnetic materials.
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Ll

-13- .

B. Charge Transporf by Hopping

Consider a ring containing iron ions in which one ion has-a
different charge than the others. This is illustrated in Figure 5.
Sﬁch'a_étructure has the same energy as one in which the Fez'+ ién is at
the j# site rather then the i% site. This is true oven if the Feo'
causes the adjacent ions to becomé polarized or shift positioﬁs,on the
ring.

There may exist a barrier which must- be overcome to move the -

> thereby shifting the

electron from the Feo@ site to an adjacent Fe
Fe2+ site, but the system is the same regardless of'tﬁe briginal poéifion
of the Fea+ ion, assuming steady state conditions.

Under proper conditions it would be possible to produce a hole-

electron pair (Fe2+ >t

- Fe4+) on a ring originally containing bﬁly Fe
ions. ®imilarly, a hole or an electron-éopld be introdﬁced.by the sub-~

stitution of an ion which has one fewer  d6r one more electron, respectivély,

than Fe3+. If this hole or electron were SQmehow”ﬁ0vedfmany %ites.frdm'

the dopant position, the ion being aséumed«étationary-on'thé'éhain, then

conduction could occur, as outlined above, among the Fe io_ns..__'only°

This is precisely how hematite is made semi-conducting -- either

) by doping or b& the creation of intrinsic holeéelectron-paifs at highx

tehpérétureé(llila)n Pure hematite-aﬁ‘rodm”teﬁperature;has a'resistivity"

of approximately'lolo ohm-centimeters. - The cpndﬁctipplprocéss.is thought "

.. to occur by a hopping-bf 3d electfons from Fe ion to - Fe ionﬁ’




=l

1ich Conduction Occurs
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.The decisisn.of'what dopant ts use in obtaipiﬁg“sthéle>qr'an-
- electron depehds upon three factéfs; ,(1) tﬁe easisst to solve.ls the
choice of sign of the carrier;, Thls 1nvolves choos1ng an atom whose
valence is such that when placed in the 1attlce it produces a locally
deficient or excess electrom. (2) The interstitial atom must be small
enough to fit into the lattice without excessive dlstortion of the
lattice dimensions, an extreme case causing so much distortion of  the
lattice that the crystal does not “grow". (3) The last factor to be
considered is difficult to discuss analytically. . The carrief associated
with the dopant must not be so tightly bound to that site:thst it requireS'

excessive energy to Yactivate" it.

- Two elements that have been successfully used to produce conduc-
tion by holes and_electrons are magnesium and titanium, respectivelyn
Typical dopings are less.than one percent atomic substitution for iron.
Successful growth of 51ngle crystals large enough to be used experlu'
menually require dopings of less than one-half percent Mg and Tl, in this
author's experience. For such dopings, typical resistivities are 10-100

ohm~centimeter.

A
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C. Double Exchange(29)

The déscription of'doublé'eXchaﬁge to be presented here will

(6)

follow that outlined by Andersqn:and.Hagegawa . Consider the electron
illustrated in Figure 6 being tragsferged'from'ion i‘to ion j.while
~subje§ted to the following constraiﬁts:' |
(c1) The directiéns-of'gi and gbrare fixed (for example, by the
. local internal magnetic field in the cfystal).
(C2) The electron to be transferred is'eitbe} on the it

or the j¥ ion and while there is subject to Hund's

rules, . ' -

" To describe the energy associated with- the transfer of the electron -

from site i to site j the matrix theory of quantum mechanics is used. The

basis functions are those of the isolated ions. Th y are to be desig-

nated by ‘di> and de}, the d referring to the d electrons of iron, for

those of the iJQll and jtll sites, respectivei&.
When the itinerant"electroﬁ is localized on the iJcill jon it will be
assumed that its spin orientation relative to the ion's épin is described

by the hamiltonian

w—

H= 27 sl’s‘ ' _ (6)

where J is the Heisehberg_intraexchange integrals'giiis thé~spin of the .
it‘ ion, and ¥ is the spin of the electron. Hund's rules reduce this to.
two possible states

-E:_iJ,]Eil.;fJS‘ ' (1)
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Figure 6. Coordinates Defining Qij'
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corresponding to whether the electron's spin is parallel or antiparallél

~to §i°' While -at site j the electron's energy will similarly be given by
=+d8 . ‘ (8)

Wﬁat is the sign of- J? . Hund's rules state that if the electronic
shell is less than hélf'full, the next elgétron added to the atom will
"go in'" with its spin parallel to the others and aptiparallel if the
electronic shgll is more than half full. Hence, the iowgst enérgy when
the shell is 1esé.than_half jull would require J #0 be positive énd if-
more than half.full, J must be negative, We,éhall see later that the
sign of J is irrelevant in considering which states will have the lowesé

energy when the electron is tranferred from one site to theé other.

When considering the electron to be on one site or the other
there is no dependence upon the relative orientation of the ion which
‘does not contain the extra electron. However, if a transfer is made from

.site A to site B, then the.energy associated with this transfer )

Ep = <BIHp| 4> | _ (9)

must somehow account for the fact thét the state given by B> and [a&>
“may not both reier'to_theﬁsame_coordinate'system,. Compensatioﬁ:for this
may be done in twé_ways: |
(1) Transform the energies for site B iﬁto'a'éoordinate
system pafallel to A's, or |

.(2) Transform ‘the transfer matrix elements SO they'fefer
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correctly to the different directions:éésobiafed'

with the sites A and B.

The latter procedure will be u$edg'.Fof'this, it is necessary to intro-

duce the rotation operator given by
Ru(ﬁ) = e

for a rotation by an amount &

(24)

iJ g :
“ (10)

is the component

about an axis u. Ju

of angular momentum along u, taking f = 1.

The two possible spin states of the electron when referred to _

the'direction of §i will be designated by o and B . Those corres-

ponding to Sj by a’ and B/ . Thus the eigenstates for the electron on

ion i are represented by ,dii>

ldj a’> and [dj;3f>

Inserting the proper discrete values of -the allowed angular momentum

and ldi,3> , and thoses on j byA‘

°

equation (7) becomes

E(di a f‘A

E(a, S ).
Similarly, when

E(d.a’)

55( ja

E(dj-B )

=-J8 =-J8 (11)
= =J(8,+1) = J(5+1) . (12)
the electron is at the j% site

=J8, =08 (13)
= J(Sj+l) = J(8+1) (14)
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The transfer matrix elements, if §i and gj are parallel,; would be

<X |'HT| a5 Q> =t (15)
a4y B |y .-dj B> =t .(16>,
FCENENEW SR an

=0 (18)

Q; B |HT| a;a’>

The last two equations simply state that the transfer:only occurs
when the initial and final spin states are the same on the respective

ion sites (again, a requirement needed to satisfy Hund's rules). -

What does the transformation of the transfer watrix elements in-

volve? Consider the coordinate system shown in Figure 7. The rotation

operator takes the form(25>
16/2 O ' - '
R () = e : (19)
u . . ) .
=1 Cos /2 ~ i O Sin 6/2 ) (20)

where CF; =28, (i.e., the Pauli spin matrices have been introduced).

For the-coordinate system chosen the rotation is about the y axis

and hence

G =G, = | o , (21) -

and.
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1= ] , : , , (22) .~

The spin coordinates now transform as

Q
It

Cos 6/2 a’ + 8in 6/2 3~ | , . (@23

B= -8in ©/2q +Cos ©/2 B . '. - (24)
This resembles.a rotation of a coordinate system x' - y' through '

e © to produce a new system; x - y, éxcept for the factor of e/2.

sults because the "thing' being transferred has, being an elec-

tron, a spin of one~half: Taking this into accdunt results in an energy

matrix

as showvn below:

Eigenfunctions ;Ef ) . - (25)
b4 La. B e, o 'oaL B |
BT R AN S S
dja 1= 8 . 10 |t Cos ©/2 | tgino/2
T S e e
a B |o | J(8;41) ' -t 8in /2 ‘t Cos /2 | = H
- —-— — - — —_— - - L. —_— __. pul} - ._ - .__
dsa’ "1t Cos ©/21 -t Sin 9/2, -J 8, .0
I - S - — _ — -
a, B’ 1]t sin o/2! tCose/2n 0 o a(s,41)

: . . | S o=
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The thing to be noted in equation (25) is that the orf-diagonal elements,
i.e. those associabed with the transfer of the electron from one site to
énother, are noﬁ angularly dependént upon the relaﬁive angular oriention
of:the sites between which the electron.moveé.

Let us now illustrate how these off—diagonal elements may vary with
the direction of the electron motion in g cfystal, aséuming that this
motion occurs by a hopping from one site to the ﬁeﬁt so that the two-ion
model may be used. Consider the two—@imenéibnal lattice shown in Figure
8. The arrows indicate thé quantization dirgctibn of the ions. Suppose,
for simplicity, the corresponding wave functions are éhe same along and

symmetrical about.the x and y axes as illustrated by the fourleaf appearance

of the wave functions. If the electron were to go from one ion to the

next along the [10] direction then 8 = 0 and (25) becomes
(5 s 0 t Cos 0/2 t Sin 0/2 ]
0 J (8+1) -t Sin 0/2 t Cos O/2|. _
t Cos 0/2 -t Sin 0/2 -J.8 0
|t Sin 0/2 +t Cos 0/2 0 J (8+1)
-5 s 0 t 0 |
- A
0 J(s#1) O ‘ S (26)
B % 0 -J S 0
0 % 0 J (st1)
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Figure 8. Symmetric Wave Functions in a Two Dimensional Crystal.
The arrows represent the magnetic moments of the atoms.
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-However, if the electron transfer. is along the [01] direction then 6 =¥

and (25) becomes

I3
I

[ -5 s 0 % Cos 7/2 © Sin n/2 ]
o J (8+1) -t Sin w/2 & Cos /2
t Cos m/2 ~t Sin w/2 -J 8 o i
| |t 8in /2 t Cos w/2 0 J (s+1) J
F¥J,S 0 0 ot
, o - J(s+1) -t 0 s
= | | (27)
0 . -t Js . 0
|t 0 0 J (8+1) -

It will be shown in the next section that the expression'for
charge transport involves the use of off-diagonal elements, which do

appear to be different for this simple two-dimensional model.’

When the unit cells of hematite are jdined to form a cr&sfal the

. structure generated is quite similar to that of Figure 8L1'The Fe ions -

‘form a two-sublattice structure which is illustrated in Figure 9.

Within, each léyer of the sublattice the magnetic moments of the'ions

_are parallel to each other.

For charge transport within the (111) plane, 6 = O"both‘above and

‘below the Morin transition, Whéféas_current flOW'alonguthe [111]'directioh

. "= = - . T < . i i '
haS.G I for T TM but © ‘H ‘Qa for %M<'T TNeel'l,a 1S-typ;c§}ly of




igure 9. Sublattice Magnetization Directions of Hematite.
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' the order of 5°. Thus, ifAdouble}éxéhange is to be. s significant factor

in discussing the energy of mobile electrons in hematite, then as the

temperature_is-véried through TM'the value of 6 is unchanged for trans-

.-port within the (111) plane and hence. the. matrix -elements dicribing‘the

system are those shown in equation (26). "However, for electron transport

along the [111] direction with T< o = Iy but for T>T ., 6 = 11 - 20.

M

Thus, below TM the energy matrix is that of equaﬁion (27) but above TM

TM,

it becomes

-

38 0 t Sina t Cos o]

0  J(S+1). -t Cosa. +t Sin a |
‘ ‘ (28)
t Sing -t Cos ¢ -J S 0
L t cos® ¢ Sin a o . 7 (s+1) |

Thus, in.going from ?{lTM .to T'>TM the energy matr?x, for current
flow in the- [111] direction; undergoes a change in the two by tﬁo :
submatriceé fo the main diagénal. If the expression for the charge
transpért‘in.hematite is dependent upon ﬁhese-off—diagonal élémentg it

appears there may be a change of the transport properties along the [111]

M

direction at T (because the'dff—diagonal elements change at TM) whereas™ -

for traﬁsport.along the (111) plane no changée would occur because there

is no change in the corresponding matrix elements a TM.




28

D. A More Detailed Lock at the Hopping Mechanism

A classical model of hopping, considered on a microscopic basis,
would describe a current as a succession of electron movements (trans-

fers) over a discrete distence (from ion site -to ion site). Thus, in

‘writing an expression for the current as

3 =.qnv ‘ _ l ' B (29)

it would seem appropriate to replace the velocity, v, by a term,

v = W d ‘. . : (30)

a—B a->B

~

where (J.)
a:

B is the probability per unit time for transfer from site

a to site B, which may be degeneréte; le.e.4: there may be eéuivalent

sites in the crystal, and d___,

is the vector distance traversed in

the transfer.

The net current would be the'average of all such hops in the’

crystal; i.e.,

a->B

3=< Zan, W Ly G, (3)
all '
possible
transition
where né'is the number of particles per unit volume at sites equiialent

to a.

Using first.order'time-dependent perturbation theory the transition .

(26)

probability ‘is giVen by
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a->B

W = zﬁf/” 'vaa' P b";- - ,-:_ (32)

where Vba is the mgtrix element cqgnecﬁing statés | 2> and ' o>

i.e.,'VBa,z <b| V| a> , and'/Dtris the density of final states

at b.

Thus it becomes apparent how the'transfer matrix elsments in-

fluence the current in a hopping process. See comments after (25).

The above description of current flow is by no means unique.
It should be just as valid to use Equation (33) where the quantuﬁ

mechanical equivalent of v is used. This may be done in two ways:

(1) ¥ = (1/i8) [ 7, ﬁ ] | . (33)A

where v is the time rate of change of the position vector, ¥, and

~ hence is obtained by'cdmmdting v with the Hamiltonian.

(2) ¥= (1/ml 5+ ali/e) ]

I

i

(/m) /1) F + o(E/e)] G

where V is the'éradient operator and A is the'magnefic:véctdr

potential as "seen" by the moving charge. If the exact Hamiltonian.pén'-

‘be described and the resulting set of eigenfunctions found,,then all

. three descriptions of the current should be yalid; The eiacttsblutions.’r

cannbt, however,tbe obtained and. must be approximated. 'ThiS‘implieS '

'that.varjing>dégréésfof approximation must be adpepted and’ thus the |

values of J obtained by ~the three approaches outlined above will,'in:
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generai, yield different results;” The first approach, conolderlng
the probabllltles for an electron transferg dlrectly Jncorporates tne
concept of hopping on a microscopic baéis and has thus been chosen for

the discussion of how current "flows" in such materials.

Some of the multiple paths for current flow along the (131)
direction or possible sites for hopping are illustrated in Figures 10

and 11,

For the case T< TM,'there are two allowed hopping ?aﬁhs~e-

(remember we required

. - a> o)
{4, a.| HTl d, B> =< dlB | Hp | d, ’> 0)
as shown by the dotted lines representiilg the connecting matrix elements

Vi and V2, respectively.

For T > T there are four possiblé paths; The only hops consider-

M

ed are to the nearest neighbor sites in the direction of -current flow, .

A question ériseslwith réspect to matrix elements such as V s V,y and

2
"o

20
that fhey are.

v Are they equal? In the absence of external fields it appears

Consider for theﬁmomént'the‘ahgular and, ‘time' dependence of the’

_basis functions used to.describe the 3d electroms.

This is of the form

t/ﬁ

s - \,f(g gy _9<@>g6<¢> o 1 s
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/\/ [111) direction of three fold
4

symmetry in hematite

N

Figure 10. Illustration of Allowed "Hops'" for T < T‘i

I'le
The spins of the ions are along the [11£
direction, ® being antiparallel to O.




[111) direction - three fold
axis of hematite

Figure 11. Illustration of the Allowed "Hops" When T > TM.
The spins of the ions lie in the (111) plane
and are canted as shown. Transitions such as
V, , etc., have been omitted to keep the sketch

unicluttered.
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but

Ci) (2) = et 1.'f - o . . | ' (36)

Putting B = it ;° we obtain
o ieat ¥'ml¢)‘

VARCICE S 6
which represents a wave-like rotation of the wave fuﬁctionjabout the
z~axis with angular freqguency <O O/hl o sketches of §uéh'functions are
shown for the various 3d states in Figure 12. The itinepﬁnf eléctroﬁ«
spends most of ité time trapped'and‘only occasidnally jurps. -Thué; it
gets a rather ”ngZy.picfure" of its neighbor .as shown in Figure 13

2'2 Va?

5 -

state. Similar sketches can be drawn fof the other transitioné in

} .
which illustrates the possible V and. V2 for a hop from a qu to a
34

the crystal. From the symmetry exhibited one expects all hops to.equi-

valent sites to involve identical matrix eleménts because of the time

" average symmetry of the'wave‘functionsn'

What is:the difference between the two-sublattice hépping_put‘
forth earlier and this seeminglj more complicated‘ﬁodel?watrictly
speakiﬁg, the two-sublattice model. forbids hopping in tﬁe (111}
direcéion since the métrix_elemenﬁs of

s o - : 'f"‘(3_8:)

cohnedtihg'antipargllel spin

for temperatures above the -Morin temperature. The more-detdiled model _f'

still adheres to fhis;requirement of the transfer matrix éiemeﬁﬁs~but




Figure 12. "Spinning" 3d W 3 ;
ure 12. SPINNIANE " 3“1 Wave Functions.
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Figure- 15, "Pictorial Hopping" from a %d* .to a 3d- State.

>
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considers a transfer which has a lateral componento In the absence of
external fields the average of such transfers must yield a net trans-
verse component equai to‘zeroa Thus the charge is transferred from a
position on the [1llj axis of ome unit cell to that of an adjacent
unit cell, rather than alpng_the (111) direction at each unit cell.

Thus, a net current flow along the [111] direction is allowed.




THE | EXPERIM_ENT.

Single crystals of hematlte doped with magne51um were . grown by

(7)

the methods outllned by Besser .. The doplng was onemhalf ‘percent

(nomlnal) atomlc substltutlon for iron.

Two samples were cut from fhe sade single crystal being separated

by only 12 milli-inches due to kerf loss of the saw blade aﬁd approxi-
mately -two milli~inches were removed when polishing the surfaces of

the crystals, Botﬁ samples ere reéular parallelpipeds with dimensions
of 0.050" x 0.,050" x 0.150", The orientation of orystal'with_respectl

to the rectangular sides of the sample is illustratedlin'Figdre 1k,

Silver contacts were applied by eveporation of 'silver in a

vacuum followed by firing at 200°C for 20 minutes. The contacts on the

square ends were 0.050" in diameter. Those on“the rectangular sides

_were 0.010" x 0.050". The 0.010" width was chosen to minimiZe-the:

shorting caused by this contact. The contact orientation is illustrated

in Figure 15.

The induced voltage was measured while passing a constant current

through the sample in thefiongés£ direction’ and measuring the voltage
difference produced‘between.the smaller rectangular contacts.

The samples were mounted 50 they could be Iotated through 360°

whlle subjected to an extexnal magnetlc fleld and a krnown’ temperature.:'

Bécause there are many possible orientations of current'flow,

voltage measured, and magnetic field_directions with resbect to .,"
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crystallographic directions thesé orientations will be showa on each
figure where the results are présented'and-will~thereafter be referred

to by the respective figure ﬁqmbef.

The values of magnetization werefébfained using a foner vibrat-
' ing-sample magnetometer(28>. Magnetic fields were obtained from a
Varian 3600 magneﬁ with field dial control of the field magnitude.

The data were taken directly using as x-y recorder having Suéh
inputs as a voltage proportiénél to; the angle of the sample with
respect to the apblied magnetic field, the temperature of:the sampile,
the ﬁaénetization of the sample, and the transverse voltage AV.

The values -of the magnetizationm were obtained using a Foner

(28)"

vibrating-sample magnetometer Magnetic fields were obtained from
a Varian_3600 magnet with field dial control of the field magnitude.

A more detailed discussion of the experimental configuration and how

the experiment was conducted is given in Appendix .A.




RESULTS

The experiment shown-diagrammatically in Pigure 15 determines
the.transverse'resistivity, temperature; magnetic field and elecéric
field dependence. That is, the parameters being s£udied'are described
by the resistance tensor'%) given by.

v, P Puy Lxa L
Yy = Py Py Py | | Y

Vz ‘_/)zx f)'yz /D-zz ‘ LIz

in which each /O i3 is a function of temperﬁture9 épplied magnetic
field, magnetic state of the sample, and applied electric field. If .

the experiment is characterized by its terminal behavior, then

<
t

y = %Dyx IX + f)yy ;y o+ /ij.IZ
%)yz Iz - : | —- : (38)

Pl &, 5, 1) 1,

it

assuming the differential voltmeter has én infinite input lmpedance.

It ig;'then, szthat tﬁis experiment characterizes.lf

Figu:eé 16 and 17 give AV as & functioﬁ~of_témperg{@fe_for
current -flow along~the (111 direction and in thg‘(lll) piane;
fespectivelye | o

Fach of the curves may be used to determine'tﬂe:apfivation,energy

of )ﬁl when the current is along the [111) direction and in the- (111)
































































