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ABSTRACl

A new method of producing variable solid

state elements for i-nductance, capacitance, Positive

or negative resistancer oF the combination of them

has been developed on the basis of the galvanonag-

netic effects. The elements are versatile and can

provide pure resistanee or pure reactance with a

wide range of magnitude or impedance of any quality

factors; and they can be easily miniaturized for

integrated microelectronic circuits.
Experimental results obtained frotn proto-

type elements indicate that the experiment agrees

welÌ with the theoreticaL model and that the

elements wiII be useful not only for microelectron-

ícs, but also for many other applications.
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CHAPTER 1

INTIìODUClIOI\¡

In the past ten years a nurnber of different
techniques have been proposed for the. fabrication of

monolith.ic resistors and capacitors for microcir-

cuits. These elements still have some lini'ba.tions

from the view point of their applications' but they

do accomplish some desired functions (i,in, 196?i

Ghandhi, 1968 ) . Hor'¡ever, monolithic or nj-niatu.rized

inductors with high values of qu.ality factor, â |

have not yet been successfully ¿rchieved. AJ-though

.cons-iclerable effort has been marJ.e to develop a nèthoci

to represent an inclu-cta.nce by means of an a.ctive cir-

cuit, such as the use of .transistorize'l gyrators,

impeciarrce convertors or operational araplifiers

(Laxpa:bi. and lrlittra , 1962; Josephs, George and B]ltette,

L965; Capparelli, 196?), they ar:e quite inferior j-n

electrical characteristics to commonly ava.ilabl-e ccn-

ventional inductors and take up considerably more space

than active eLements (Barnwell, 19?0). This is why in

practice their use is gerreraÌIy avoicled whenever

possible ancl why j.n most pr:actíca} integrated circuits

desirecl functions are accornplishe<ì by means of special

circuits without the use of inductance.

ii.;iili-..5ri
I :- ::: : .:¿ i !, . i : : 
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The trend. toward rniniaturization makes it

desirable to fabricate circuit el.ements using semicon-

ductors. In 1965 Kataoka et aI were the first to

produce a solicl state inductor based on the rnagneto-

reactive characteristics of the HaI1 effect. They

connected a capacitor to the Ha.Il terminals of an InSb

specimen so that the current florr'ing through this

capacitor will produce a potential aeross the current

terminals, vrhich is not in phase with the applied

voltage; and therefore the impedance across the cur-

rent terminals is not purely resistive, l¡ut consists

of both resistive and reactive components" This

method is quite limi'bed and there are many disaclvan-

tages associated with it. The najor disadvantages

are t

(1) it is difficult to obtain a high in-

ductance because this would require a high

magnetic field or a high capacitance across

the HaIl terminal's,

(2) it is difficult to vary the impedance

across the curr:ent terrninals to any values

desiredo and

(3) it is clifficult to obtain a practical

value of A
They reported that

HaIl terminal InSb

.Ìi1i

i. :::.:.:: iriì.i..

...-j:f:i.;ì

the highest

element at

value of ê for a ilorlo-

10 lc-Gauss is 0 . 19

l,
I

t;ì!-.



(Kataolra et aI , L965) and that for a five-Ital-l terminal

one is 0.64 (Toda, L966). The multi-Hal] terrninal

methocl proposed by Kataolca et aI Qg66) does not in-

crease appreciably the value of A . They also sug-

gested a F-D-N (p-type semiconductor-dielectric mater-

ial-N-type serniconductor ) structure for the magne'tore-

active elements but the value of â still could not be

increased to a value higher than unity" Because of

the inherent shortcomings of the models of Kataoka et

â1, the present project being d.escrih;ed in this thesis

has been carried out to study the shortcotnings and to

find a method to overcorne thern.

In this thesis Chapter II describes the basic

prineiple of the magnetoreactive elements proposed by

Kataolca et al and their shortccmings. Chapter III des-

cribes a new element developed in the ivlaterials Re-

search Laboratory of the University of lrianitoba, fn:.this

element an active souree instead of a passive el-ement

is connected across the l{all termi.nals so t}rat the

input impedance of the element is a function of both

the magnitude and phase of the current passing tllrough

the HaII terrninals. The method of producing an active

source derived from the eircuit to be connected to the

current terminals of the element and the electrical
characteristÍcs of this ner{ element are ciescr.ibed in

Chapter IV, ¿lnrl some experime¡rtal results shovring the
L_:'._r': -:.
lr . .:. .:
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good agree¡nent betv¡een the theory and experiments are

given in chapter v. General conclusions are Siven in

Cha.pter VI.
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CHAI-TER II

TilE PRINCIPLES 0F FASS1 i'riAGÌ'IETOREACTIVE ELEI,íENTS

It is weLl- known that the resistance of a Hall-

semiconductor specimen can be varied by varying either

the rnagnetic fiel-d or the external resistance con-

nected across the HatI terminals. (tvtotto, 1962t

Weiss , L96B), The Ha]I voltage betv¡een the HalI

terminals produces a current flowing through the êx-

ternal resis'bance and hence creates a second }{aII

voltage across the current terminals. Tt is this

second }Iatl voltage rvhieh oppose the external applied

voltage across the current terminals so as to incre¿tst'

the resistance betv¿een these two terminals, Thi.s

effect is generally referred to as the "rnagnetore-

sistive effeet" and its validity does not depend on

the fornt of applied fi.elds; that iso the same effect

can be observed either v¡ith d.c, voltages or with â,c.

voltages.

If a reactance instead of the pure resistance

is connected to the HalI terminals, the l{all current

will tr'rrociuce a seconC HaIl vol"tage across tlie current

terminalso which is no longer 5.n pliase v¡ith the

applied a.cr. voltage gr that the impedance across the

current terminals rvill- consist of a reactive conrponent

as wcLl as a resistive compotren'b. The e-lenient vrhich



can produce a reactance in a magnetic fielcl is call.ed

the magnetoreactive element. In the foll-olving the

principle and characteristics of such an element fab-

ricated in various ways are discussed.

2.L The HaIl Effect

Before considering the àoce electric fieId,
let us reviev¡ sone basic phenomena of the HaII effect
in a semiconductor under a steady applied magnetic

--+fÍe1d B and a d,c. electric field F which is perpendi-

cular to B . In this case the electrons v¡iIl move

circularly until they suffer a collision with irnper-

fections, the average time between two collisions
being called "the relaxation time". After one collison

the electrons wÍll start to move again under the in-
--+ +

fluence of B and p as shown in Fig. (2.1). The angle
--L -.-å,

I between F ano the cument f i" caIled. the "HalI
^a'hgleun**tti"tt is positive for electrons and negative

fof holes, For a fixed direction ofdrnuÊanu
rorþntz "fo""" I ç CÉ" i, Êt I actine on the

eLectrons is in the same direction as that acting on

the holes although tlre general direction of the cur-

rent ciue to electrons may differ very little from that

due to. holes mainly due to the diff ererce between

the mobilities of electrons and holest

i.,.¡i,,...::.;

When the applied electric fielcl F x is in the
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F*, Jx
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(a) electron (b ) hole

Fig. (?.L) Charge carrier movement in the
semiconductor under a st'eady magnetic field
B and a d.c, electric field F whieh is per-
pendieular to B.

d

J_

Fig. (2,2 ) fne HaIl
magnetic fiel-d B" and

I

l

:.?:t .:-.t:'

v

þFx

specimen under the
el-ectric field Fx.

ï
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X -direction, and

the Z -direction,
direction as shown

thus defined by

the applied magnetic field B z in
the HaIl field Fy will be in y
in Fig. (2"2). The l{all- angle is

t'øn I =

and the HaII field by

Fy
(z.r)

F,

Fy = RH Jx Bz (z.z)

where R, i" the HaII coefficient. Sittee in the steady

state the Lorentz force must balance the electro-

statie force due to the Hall fie1d, thus Fy can also

be roritten as

FJ = 1ta87

= lre F_ Bz
J* Bt

.È¿llia.a!;i¡_:È?_:1lffi¡p:¡:d-:.-:, æffi->r+::+âÈi..lni¿-r!æ¡-:w.!:

(2,3)

.;...:i;

:ì::: l:

i:::.t::: _

nfr
where Jx and U* are the eurrent density and electron

velocity in the ;6 -direction, respectively; ls is the

electron mobility' and h is the density of mobile

electrons, Thus,

RH (2.4¡

d and the width ?¡/,If l{all element has the thickness

then the HaIl voltage is

FJ ul

RH Jx Bzw

I
nfi

Vu
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= 
RH ( T= I (,1 ,dw)Bz

= -8Érd, Lx Bz

= KH lxBz Q,il i':r.'n'':

where I x is the tota] current in the x-direetic:n,

ancì K H is the HaIl sensitÍvity which is def ined by

K,, = + (2,6)
'H d

The geometrj-ca} shape and dimension,affect

the Hal-l vol-tage. The HatI voltage takifrS into account

the geometrical influerrce is given by (t'¡iclc, I954t

Haeusler, l-968 ) .

Vr{ = K, I B [r4r, g) Q,?)

vrhere f¡¡ is the geometrical influence factor which is

a function of the HaII angle O r and the ratio of the

length to the rvidth of the HaIl speeimen" For rect-

angular HaI1 specimens Haeusler (:-g68) has calculated :ti¡lr,il

J H as a function of $ u"U S and their reÈults are

shovrn in Fig " (2,3). It can be seen that the geomet-

rical influence can be ignored if the ratio + 
is

larger than 2.

The HalI field, the HaII coefficient and the

conrìuctivity of a semiconductor depen<ì upon tempera-

ture (neUye , 1954; hlorin and lviaita, L954 ¡ l{arman,

I ir :r.i:ìi:,i.. :::f::.riì11:

i raj - l- ''



Georing and Beer, L956). From Equations (2,3) ano

(2.t+) the HaIl field and hence the HaII coefficient
are proportional to mobility of carrier and are inver-
sely proportional to carrier concentration. The mob-

ility generally increases with decreasing temperature

because of the effects of scattering by la'btice, io¡r-

ized, impurity and dislocation. For intrinsic semi-

conductors the mobility is approxinately proportional
-?/2to T and the carrier concentration Ís approximate-

lyproportionarto T3/2expt#rl where T is
the absolute temperature, f g is the forbidden gap and

K is the Boltzman constant (OeUye Ig54; I{orin anci

Iúaita L954), The temperature dependenee of both

carrier mobility anci carrier concentration for extrin-
sÍc semidoncductors containing impurities is far rnore

complicated, However, in generaln the mobili'by àu-

crêase, while the carrier concentration increases with

increasing temperature for a certain temperature range.

Fig. (2,4) shows the temperature dependence of the

HalI coefficient, electron mobility and concentration

of Si containíng Arsenic and Boron, and Fig. (2,5)

shows the tenperature dependence of the HaIl coef-

ficient and resistivity of fnAs,

If the magnetic field retnains steacly but the

appl-iecì electric field is alternating ancl s j.nsoidal,

the l"lal-l fielci and the llall coefficient will not be

-_:..'1 ,,_': .-'

f,1.

11
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Thg following data are for Figs, (2.4)
(a), (b), (c), (o), (e), (f).- The re-
sults shown in these are obtained bv

Morin et ar (tgst+),

' The Conrposition of samples and sunìmar)'
of õxtrinsic range results'

MajoritY
i*õutití MirroritY
ionization Net irnpurity impuritv ÑIass

Sanrple 
.äiã;et ' 

èon.""üäiioí cotie'tttraiion paranr- Added

No. ev cm:l----- 
-- -èm-! eter irlrpurity

0.5 arscnic
1.0 arsenic
1.2 arsenic
1.0 arsenic

atsentc
arsenrc

, tvpc
tse o.o.r5 3.t xroH 4.! Xlgll 9.1 no¡rc

127 ó:o¡s i.o l io" 2.2 xtq]t 9.4- borotr
lii õ:õit 2.a lio'o 2.3 xlgl: q.9 boron
iió õ:óiã ã.o Îio" 4.e xto" 0.7 boron
ili -'t - 'r lto'' ... boron
î;:s degencrate ¡.5 liotn boron

f, tyfE
131 0.05ó t.75 Xtotr l'0 xlott
i3o o.orc 2.1 xlo', 5.25 xto'
lr9 O.o,tS t.?S Xro,r t.4g Xlos
igó o.oro t.3 Xlo, 2.2 Xlor5
t26 , ,., *tott
f4O degelrcrate 2.7 Xl0ro

iì-i:.:.

t..'--

i;l:::::. ..';rl

l.:.j..,:¡.r-.il'.
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affected unress the frequency of the erec'Lric fiercì
approaches the value corresoonding to dielectric
relaxation time Td . The frequencJ¡ depenclence of tÌ're

ÌiaII field plotted in ra-tio ot FJ at frequency U) to

Fy at d.c. fieLd is shor.¡n in l'ig. (2,6) in which
rl--rtr . - 

(UJd= a?r, Øc= i¡and Q?= {Ørûd angu}ar pJ-asma

frequency;O\ , f t €.ranri €,oare respectively the d.c.

conductivityo collision relaxation timen relative per-

mittivity, and permittivi.ty in vacuurn. The vaÌue of

ü) 6 for germanium is of the order of 2 n ,lltorud ians/
sec. and for most semiconductors (Ð ¿ is much )righer

than what are concerned in this thesis, I{ov¡ever, the

effect of frequency on the Hall field and HaII coef-

ficient have been reported by many inves.tigators

(C}ramplin, 1960; Nishina and Spry, 1958; Barlow a.nd

Kataolia, L958; tsarlov,' 196?; Ilîiller, l-96]-).

l-rom Equations (2,)), (z,l+) ancl (2,6) the

higher the carrier mobility, and the lower the carrier
concentratíon, the higher are the HaIl field ancl the

HaII coefficient. Table (2.1) gives some semicon-

ductors r.¿hich are generally used for liaIl devices.

2,2 Equi.v¿rl.ent Cjrcuit of a Hal.l_ Sp.eclnen

If the current terminal-s are cons.idered

two input terminals, and the HaIl -berminal-s as

outprrt terminals as shown in F'ig, (?,?) a lla1l

men can be treated as a four-terminal network.

spec Ì -
Thns

as

two



Tabl e (2 ,l) Reþrcseutatiae adlues of natcrials þardttteters at 300"Kt

1B

. ,. .R p.

Matcrial crns/C O-cm

,tI ' . ,r1
cm1 cmz/V-sec

z-Si 360,000 200

,. ' 7000 4'5

æ-Ge 87,000 25
21,000 5
4250 1

GaAs

InAs 3700
570
115

InSb

Bi

2xl0r3
I x 101s

f 700 O'2 3'7 x 1015 8500
15 .0'0045 4'2x70r? 3300

f500 25;000 0.09 720
1300 3300 ,. 0.07 16

5 x 1013 360011 17,000 0'5 85
3.5 x101¿ 3600 9000 0'5. 45
1'? x10rs 3500 40OO 0.5 20

3800
220

31?
0.4 7-1

<0.0i
<0.01

4
0.3

<0'01

0.1
0.0i

0.1 1'7 x 1015 35,00011 12,000
O'02 1'1 x 101e 28,000 4000
0.005 5.5 x 10ro 23,000 1600

50
30
20

22s
40

1

603
20 0.1
I ' <0'01

27
3.8

1 -0'4

380 0'005 2 x 1016 75,00011 5400
19 0'0006 3'3 x 101? 32,000 770

5-10 -0.002 È6 x 1017 -5000 200

2
0.01

-

f Data fronr Ross ¿, ø/.(I4) and frorn unpublished results at Battelle.
f llall coeflicicnt factors of approximatcly 1'18 u'e¡c used for Si and Gc; loi.ver values for the III-V nrateri¿ls.

i $ 'fhe nornralizaiion factors /¿r ancl Az are choscn so that thc values of thc rcspcctivc figurc of nrc¡its src unitf i::

thc casc of bismtrth.
. ll Denotcs that spccinrcn is intri¡rsic or nearly intrinsic.

After Beer 0966)

i:!tj.:ì,i::ì;.l:::1i

Iiii:iì:i'.'¡
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I¡+-

22=R2

^/ 21=-KgBI

Four-terminal Symmetrieal HalI
and its equivalent circuit.

c

VH

Fig. (2,7 )
specimen

I

Ha11

specimen

T

zrL = R1

212=K¡¡Bï¡



voltage V¡¡ can be

I ana output curre n'L 1¡

(e.a)

(2.9)

I-1ì.I'l.1jrïúä¡7iÍjüi1:; ];; ;+'"; ; :' : 1 ;' i'. +1

2I

the input voltage V ancl the output

expressed in terms of input current

AS

V = I Z, + IrZ*
VH = I Zr, + lr7r, '

Z n = input impedanc" = +lls=,
2,,

7,,

2,,

Zzz

2,,

= output impedanc" =*f .¡r lI=0

= reverse transfer impeda.nce =

= forward transfer impedanee =

R2

Kr'B

where Zu rZ n, Zzt anð, f ,rare the 7 -parame-bers rvhich

define the characteristics of the network. Tlie /-plr^ã"'
rneters are given by

rt
IH

Vr{

I
For a Halt specimen, these 7 -parameters are s

Zr, = Rr

Zr, = -Ks B
rvhere R¡ "ttA 

R2 are in fact the resistance of the Hall

sem.iconductor specirnen measured from the cttrrent ternl-

inalsr â.rlcl from the HalI termínaIs, respecti.vely.

For a three terminal re':tangular HaII speci-

men, the equivalent circuit is shown in Fig' (2'B)'

l=0

î.t 0

(2.10 )
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l-ig. (2,8 ) Three
Hall- specimen and

terminal un-symmetrical
its equivalent circuit.
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HaI1

pec ime
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zzz=R?

21=-K¡Bf



lil-ffitl:4;]:å.1æÈ+:,f.P¡uffiå*y¿!ËS!¡'-"ï-ä'ã.:ë*:gj-E{+ffirl-3Y,t!¡:i.i:1rV.Ír.?,-1

Òar-)

In this case R¿ is the resista.nce of the I{alI specimen

measured between one HalI terminal and the cornmon term-

inal.
For the HalI specimen consisting of mlrltj.-l{alI

i .: ., :..
.berminals, the equivalent circuit is Shown in Fig, (2,9), '','',',".',

In this case Re, ft2¡nrepresents the res-istances of :

the specimen measured bett'¡een the corresponding tvro 
¡:,..,;;,..;,

HalI terninals. If the HaIl sensitivity is the same i,l;,.¡,r11,,.': ": : .

for each pair of HaIl terminals, we have 
!;,;,¡,¡,,.,,
:r .. ...j ..,.

Et = KrB(Ixr *Irr+-"'+I*n) (z.rr)

and Eet = Ezt=Ezs= =Ezm=KgBI

2^a l,{asnetoreactive E}e¡nents
-a¿ &æ

The fundamental configuration of the magneto-

reactive element developed by Kataoka et al Q965) is

shown in Fig. (2.10), They connected a passive react-

ive elernent X¿ across the HaIl terminals, The elec-

trical characteristics can be expressed by a four-

terminal netrvork r âs

V = R,T+KHBIH

V-.| = KrBI-R"I'.= iXal| 
(2'rz)

where all parameters have the usual meaning as given

in the previous sections. From Equation (2.¡-2) tne

input impedatrce of the element is given by



ry..11¡.!-.^:rt>.t tÉ¿^:,-t,:r!:û:&r:È-tr4¡Yræ?=-t:z>-.4-,Ë,:J.-:¡..4.\?/.1tt,lr\t-.4./,4,ça ç.- \r,:t- i,::r+r1

2t+

. rHl

Rel

n,) Eer

finz
22

^/) 
Ezz

@Ë
vut
VHe

VH3

vHm

vHt

Yuz

Fig, (2,9 ) Hart
terminals

2* 
rHm

3/ ue,n

vHm

specimen consisting of multi-Hal}
and its equivalent circuit.
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Fig. (2.10 ) l,,lagnetoreactive element with
. mono-pair Hall terminals.

Fig. ( 2.1I ) t'lagnetoreactive el-ement
with multi-pair HaII terminals.

Ha}]-

speci

men



z =Y=l,l #;
=R, rm-¿me.ti)
=R + ¿X

Thus the impedance Zmay be divided into two parts,

the real component R and the reactive eomponent X ;

and they are

R = R¡ + #+# e.Lu)

v = xl Bt x^¿ e,Ls)A 
Ñ

It can be seen that the sign of X is just opposi-te to

the sign of Xd . This implies that if passive load

connected to the HalI terminals is a. eapaeitor the

input reactance X lvill behave like an inductive rê-

actance" The magnitude of X is proporticnal to the

square of the magnetic field as long as the magneto

resistance effect of R2 is relatively smaII.

The quality factor I of this elerneni is given

by

â =4= -'í*îgtI¡== (2,16)ro( R- R,Rt+Rrxä -KiBtR, \c

The value of 0 depends on the magnetic fiel<l. For a

magnetic field of 10 ]cilogauss at room temperature the

maximum value of 0 is only 0,2, For such a lovu value

of â , the application of this element is Limi-ted'

ir.,.:,..-,ì; .:rl': ;i:.:;

i:;.,,; . ,.:::, ',::.,,1 : l



To increase the value of Q , Kataoka et ¿r1

(L968) has suggested to use the multi-HalL terminals

specimen¡ âs shown in Fig, (2.I1-). Using the ectruiva-

Ient circuit for this element shown in Fig' (2"9), we

Can t','fite

v = R,] + K,¡B(Ir,+Ir,r*----+Irn)

27

(2,t7 )

(2"18)
aj;:'l::lrrì

V,

V^z

i

KpBI- R2¡I¡¡ = jXd,Ig

KuaBI-Rzzluz=jX¿zI*z

The input imPedance

z -f=n,¿L_

If X¿,

and Krt
(e"tg)

=Xde =

=Knz=

can be

=Rze= = R¿n', = Ra

¡ then Equation

i:::l,ir,:-r j'.r ji.'? l:ìj
I :t:r.:11.' ..r r r., t. . :j:¡
l::.i.;.i --:,.:l:. ;' . j.:.i

1".:.-

+

Rr

R,

z

-r)

=R

Rz + jX¿

i.i¡.'{ 1i:' .:a ':'¡ ,:
l+tq{-+j:;;: i..i:r'.+ !
i . -¡i I i' . -:.'1 .r. :

i,:::..'l-, l . .:: 'r: ,'

VHn = KH4BI -Rrrlu^= ¿Y¿^Im

is then given bY

, (KHB) (Ixt*Iu¿* ""'* Ir^)¡-
T

= R, + KrB [*Hr. + J*r-E- * '

Kn* B -\
R2¡¡ + jX¿¡r I
=xd t ír,
Ksn= KH

^ 
(t<u B)'

n(
Rr"

+ jx (2.t9¡



2B

l'rom Equation (2.19) we obtain

^ m(K,rB)2R,
Kl + 

Ì
rn ( Kn B)z X¿
R: +xi

R (z,zo)

(2"2r)

and

(z,zz)

Although the multi-Hall terminals specitnen inereases

slightly the value of the reactive component, it does

not appreciably improve the value of I . The reasons

for the small A are that the seconcl term on the ríght

hand side of Ecluation (2,20)can not be made rregatiye

beeause the direction of the HalI current J ¡1 aepencls

only on the polarity of the HaiI generartor v¿hj-cli is

proportional *o Kx $ J ano it tends to increase the

effective input resistarcêo Furthermore, the phase of

the HaII current I 6 can not exceed + 90o with respect

to HaIl generator voltage. It shoulcl be noted that

the load conneeted to each pair of HalI terminals rnay

be made icì.entical, l¡ut RaêandKs's are not iden'üical

because the positions of the HaLl terminals are d.if'fer-

ent. Holvever, because of the physical limitation of

the size of HalI specintens ancl electrodeso both Q anO

X can not be greatly increased by this method.

i:-:j:1.!ì :t:rttì,: .

a = ä
n (t<,rB)2 xd

=_ã-R,Riffi
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2,4 The åxpqE-ij.n-clta.l-!-elf9-rryrpce- of the' triag.ryto -

reac'bive Elements

Kataoka et al (Lg(.B) and Toci¿r (L965) have re-

porte<1 that the quality fa.ctor for a mono-paii Haff

termi¡al element is O "2 and that for a f ive-pair l{a.11

termina.l. elernent is O,é), A¡¡ experirnetlt using a four-

pair }iall terminal elemen'b fabricatecl on a InS¡HaII

specimen with a 10pF "an"citor connected to eaeh pair

of HalI terminals has also been performed in the

Iliaterial Research Laboratory of the University of

Ilanitoba. The results shov¡n in Fig, (2,l'2) are in

good agreement with the theory. Horvever, the value of

A is too small, the magnetoreactive element to re-

present an inductance is not practical.

t i: :Ë/::-:,:.:.!': i.:- :,: a;:.2.-:5,j r. a !7 ¿.? : !>a
t::/3:,\!1
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CHAPTER IIÏ

THE FRINCIPLES OF ACTIVE IIAGI.IETOREACTIVE ELEI¡ENTS

'vte have pointed out that tlre passive magneto-

reactive elements with only passive reactors connected

to the HaIl terminaLs proposed by Kataoka et al (1968)

can not provide an inductance with a quality factor

high enough for practical applications, Although

many other methods are also available (Josephs et a},

,Lg65; Capparelli Lg6?) for representing incluctance

for microelectronie circu.its, the equivalent inductors

v¡ith the perforrnance close to that of conventional

eoil inductors have not yet been achieved." In this
chapter we propose a new rnethod to produce high i¡r-
ductive reactance wi.th high quaJ-ity factor. Before

doing so, we explain the basic concept of this new

method 
"

3,1 Ec!ti.r\.Alent Jmpedance- of An Active Netyrork

Consider a simpl,e active netrvork consisting of

a power source and an active load, and its equivalent

circuit as shown in Fíg, (3.I). The equivalen'b imped-

ance of the active load is defined as the ratio of the

voLtage across the active load to the current florving

into it, Since the voJ-tage and the frequency of the

power source may not be the same as 'bhose of the active
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Ioacl, v/e have to use the superposition theorem to

solve this problem. From Fig. ( 1.1. ) ' the current flovr-

ing j.n'bo the active load (see Appenclix I) is

I(@ottÙ,rt) = Io(u.ro) - I,(al,) 
!t;:..r.,,

= E' (uo) E, (øo)
zo tw; + Zt(o") z. QtJ) + zt(w,)

(3.r)

and the voltage acro$s the terminals a and b is

V (wo,(Ðrrt) = Zt(o") lo - Z,{ttt,¡l, + E,{w)

= Z, (u) Er(w) + Zo (w,l 
.E Qt)

zo 0Ð ", 
+ z, uÐ) zo cttt ,l + zÍo)

(3,2)

Thus the equivalent impedance of the active load can

be written as

= 1,e¡ù+ffitmt
(3'3) ¡:lli;. ,,,,

Case I ¡

If Zo and Z3 ^re inclependent of frequenc¡r,
'

then EcluatÍ-on (3,3) becomes
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i 1.. 1 .

(a) An
of power

active network consisting
source and active load.

Eo(û)o)

(b) The equivalent circuit.

Fig. (3.1) en active network and its
equivalent circuit.

Power

source

a

Active

load

v
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ZUt)orùtrt)= Zt + ffi,
z (2,+ z,)- Ltt 

@; (j,4)
ffi-t

rf Eo U}o)/Er(d,) i" expressed (see Appendix I) as

Eo(a)o) = ç Ly (uo,Ø,,trqo)
Er (do) v

= f" cos V (ùo,u),.t,Vo)

+ ¿ F. s in + (do,uJ,,t,To) ß, 5)

where T (øo,tù,rtr|l) = (No - u),) t - 2lo

then Equation (3,1+) beeomes

Z (Øo,u),,t) = z, * G'! z) {6 cos \cø"û)"t'1Ð - 1}

(3.6)

where ,/ (r",d,,tr4.) = (tÐo - Ø,) t -'ï" vritlr
t , - ltr.t':r..

J- / z'l|L = and with this as the. assumption ttrat i"."'1''
(Ðo - 0)t

the voJ.tage of the povler souree is Eo L0 and the voltage

of the source in the active load. is E, L\",both angles

referringtot=0,

Case 2¿

If thg frecluency of the power source is identi- |

caL to that of the active load, i.e, (Ðo = tt)t = ù , 
,:¡..¡¡:¡¡.,15¡¡¡
Ì.Ì. 'r:{ t.¡ï: .:

i.r':::;:::,:¿.r-:i::,:
L-::: 1:i:::ì::.1:,1



35

;:¿Ìt:¡.*¿it

Equation (3,3) becomes

Ztutl = Z,{ø) +

= Z'@1 +

E' Ui)
I UÐ)

z,cu)+ zotu))
Eofuil t
EJ,t ) t

Let us now write Z ¡ and 7o a"

Zrka) = Rr(ø) + dX,UÐ)

Zo(w) = Ro {tll) * ¿X"&o)

and take I as reference

I (tr¡) = ll l eio

Eo3tt) = lEof ei"(

E,(u) = lE, l eâß

Substitution

7&t)=

of Equation (3,9) into (3'1) gives

f E"l eix - E,l eip
(Ro+R,) + j(x"+x')

(Rr+ R,) (le; ços d - lE,l cospJ+ (x.+x) [lE"l st,! a1lÉ,]:*4
( Ro + R,)t + (x.+ X,)"

(j,z )

(3,9)

3.9)

(3.r0)



(3.1r)

(3.r0),

l6

Since vre takeltut¡r" reference, the imaginary part of

I (tl¡ must be set zero. lVe thus have

Xo * X - EosLnx - E, sin ß
Ro + Rr Eo coSa - E,cosB

Substituting Bquation (3.11) into Equation

we olrtain

I (al) =
lE, I cos o( - lE, I cosÉ

( Ro + ß, )e + 6o +X,)2

{,*"+R,) 
+(x"*x,) 

[

I Eol cos o(- f E, I coS/3

(Rr+R,)2 + (xo+X,)Z

lE !!þx - lE,l sènB

lErlcosx- lE,lcosß

{rn"*n,r
-L (x, +X)a 1: Ro+R, J

Ro + Rt

lEolsüno(- lE,ls¿nß

hence Equation

Z &Ð=

Xo + Xr

(3.3) becornes

v (o)
I@t

R,(ø) + jX,fu:)

(3,t2)
and

. lF, I e;,ß
J.

lil ejo

lEJæsB-j#sLnft= R,(ø) + jX,(u¡)+

.|.|-'=....i..



37

ß,ti)= R(utl + ¿X{.:';o)

the real and imaginery part of Z(w)are

R (r)= R,(ru) + ft cosß

X !tr)

lã,t gìno( ,t

-- 

_t
I E,l Sinþ ¿

8tw) = lXtt¡ll
R (ur)

lx,rr¡ " l?l sin ß I

R,(¿) + I7f cos B

A is positive rvhen R (ø)is positive and

when R(t¿)is negative.

I Ro c,u) + R,c,,rl] lE,l cosø

lEol cos x - | E,l cos ß

Ro(u¡) + R, (t l) ( 3. f ¿+ )
låot cosú ._t

,E,t cosþ r

I E,l 
sLn ßlil

Íxosr, +x,@)I IE,t s¿.nß

lE"l s¿,n x - f E,l sin B

Xo(¡¡,) * X, <w)

= R,tr) *

: R, {,o) +

= Xt{w¡ +

= X,@) +

= X,(w) +

L_ l

and

( 3.:..5 )

Frorn Equation (3.Ill) and (3"I5) rve can express the

quality factor (see Appendix TI) as

(3.16)

Q i* ne¿5ative
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= R(o.l + åX@)

the real and irnaginery part of Z@)are

R, tr) *

R, (ur) +

ß,t3)

(3.16)

Q iu negative

R (*)= R,(w) + jfl cosÉ

X@) = X,@) +

= X,(ø) +

= X,(o) +

Ro(qr, + R, (û,) ( 3. r4 )
lEol colú .

-tl9,l costt ¿

lE'f 
sLn ßfrl

Ixocwt +X,tùJ IE,l s¿nß

lE"l s¿'ro o( - lE,f sin p

,{o(ur) * x,t (w)

Ì;:':'.:'.

and

lE,, 9ìn o( tTãñ -r ß"t5)

From Equation (3.I4) and (3"15) we can express the

quality factor (see Appendix II) as

8tù = l{(urll
R (ur)

lx,r*¡ * l?l sin ß I
:':,.ì':.r;::l

eis
when

R,@) + l?f cos B
positive r'¡hen R (rrl)is positive

R(ø)is negativeo

I Ro rrl + R,cor] l1,l cosß

¡6of coS o( - | Ê,t CoS ß

and
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From this simple anal-ysis it can be seen that

R Cøl ,X(ù r ârrd 8(c¡rlcan be varied to any desired val-ue

by adjusting either the ratio l+l or the rela.tive

difference c( and ß ,

3,2 Eegi]'atent Tmlgd.alrce- gf Atr 4gLiYe Hal::l- Elellell;t

An active HaI1 element can be considered as a

HalI specimen with an active load connected betv¡een

the HaIl terminals as shown in I'ig. (3,2¡" t'his

element can be considered as an active network similar

to the active load described in Section (3.Ì). Since

the curcent flowing at the current terminal I pro-

duces a Hall potential be'brveen the HaII terninals Es,

änã tf,e current flowing at the Hall terminals, IH

produces a second HaIl potential across the eurrent

terrninats E¡ , the equivalent cj.rcuit of Fig, (3"2) is

slrov¡n in Fig, (3,3), E2 is proportional to I and f ,

proportional'bo I¡. Eo (øJ ano Zo are resPectivelY

the Thévenin Source and impedance of the power sourcet

R I ancl R¿ &r€ the resbbance of the HalI element lnea-

sured respectively betrveen the current terrnina.ls a and

b, and betvteen the Hall terminals c and d, The activc

Ioacl connected across the HaLI terlninals can be con-

sictered as consisting of an impedanceless power Sotlrce

Ë¿ (ql,) and a ereries irnpedance Zd, ,

t!

Referring to Section (3.I) ' ancl assuming 'bhat
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Fig. (3.2) An active HaIl element consisting
of an active HaII load.

IH (üJe 
'(l)1' 

t )

Eo (@o )

Fig. (3.3) Equivalent circuit of Fig, (3,2),

ED (rdr )

i:i¡:: ìi..:: .:: .iäl _i 
-.ììi::J . -

it'.'r;ìì: iir::ì:'a.

Power

Source
({r)o rtrJ1, t )

Ig ((r)6 rûJ1, t )

V ((r)s,tù1, t )



the difference betv¡een frequencies û)s anò, Ø¡ is s;rnall,

then Zottio\nt Zo(ù,) and Z¿fu)"¡ *Zd(w), vre

can write

I (û o 'û,1 = 
Eo (w') - E' (Ðo'tt¡')

Rr + Zo (3"20)

and the voltage betv¡een a and b is

V (a,rùj = R,I (to,,r^1,) + E, (tto, to,¡

_ ( 3"2r)

Similar to Equation (3,3), the ec¡uivalent irnpeciance

of the active i{a}l element betv¡een a anci b can thus

be r^¡ritten as

40

E r(ur,u),) = Kr B J (oo, tl),) (3,rT ) ¡-:¡.¡i:

E , loo, uJr) = Kr B lk':,o ,ø,) ( 3. 18 )

I¡1 (ulo, tÐ,¡

Z(to",w) = V(uo'a')
I (túo, ú')



substituting Equations (3,1?) - (3,20) into Equa-'[ion

(3,22), we obtain

Z&Ðo,u),)= Rr+ ffi ffi
ß,23)

This ecluation degenerates in'bo Equation (2,L3) v;hen

Ed=a .
Now consider the case in whiclt tJo=Øt= @. Then

Equation (3.2]) becomes

zuüo,û¡= R,+ ffi--Wï#ñr
( j.24)

,,-/'

Again by ta.king f (r¡) as reference in phaser we then

define the phase relations as

I @) = lIl e¿o

I, twl = ltrl e¿T

Eotw) lE"l eja 3,25)

E, cø) = l1,l eÃB

E ¿ @) = lE¿l eJq

'Z¿@) = RA@)+)X¿ca)

f ntrocluc ing Ecltration (3,25 ) into Eqtration (3,24)
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arrd writing Z@¡
real part of Z(W)

Rro¡ = Rr t

= R(o) + jXtøl r wê obtaj.n-Lhe

_(r(¡B)z (Rz +R¿)
(Re+RÐ2 + xi

- (KrB)2X fln.*Rd) s¿n T -X¿cos.

Kral?l[cn'-+stt co'ï * 
^ttt'r,(R¿ + R¿)' + X|
(3,26)

and. the irnaginery part of Z (w)

X (at) =
(3.2? )

""1 lla,qualitY factor

rX twll
8,@)= ä

+ K*B

U'nder

(3,29)

ll!¿r
fu +Rd lrl(R¿ + R¿)

KxB lB¿l s¿n I

(3,29)

ß,3o)

ß tßr+Ro¡a + R,xl + ßngf ßz+R¿) - KHB lflÍ(Rz+R¿tcostlrX4sînf
(3,28)

be made zero i¡ê, Xd=O,
then Equati.ons (3"26) -

become

Rtw¡ = R,t

rn pract 5.ce, X 4 can

this eondition T=1,

KuB IE¿l cos I

Fl (R¿+ R¿)



8(ø) =
| - Ks B sin f l

- l*l (n,(Rr+R¡) +(r,a)'J - KxB cczsf

(3.3r)

Equations (3,29) - (3,31) can be further simplified
by makine E¿ (w) >> Ertú and. Rà >> Kx B .

These conditions can be easily satisfied in practice.

With these conditions these equations become

R (ø) = Rr Kn B lrrl cos f, 3, l,z)lil
x (w)= Y sìn Y ß.33)

and 
f*sin yl

a(w)= 
W (i,34)

where lIHl = lE¿l / Rd , since lE al >> lEr l *n¿

R¿ >) kHB.

These equations irnply that R, X, and Q can

be adjusted to any desired values simply by adjusting

the ration LI.l. and the angle tr .
I Irl

t:.--

:.r a.:: l

l:. :.rr i: 'r i



CHAFTER IV

RESISTIVE AND REACTIVE ELEMENTS

0n the basis of the concept of the equivalent

imped.ance of an active HalI element (with an active

load connected between the HaIl terminals), such an

eLernent can be considered as one of the methods to

synthes ize a given impedance. In this chapter the

fabrication principles and the electrical character-

istics of such elements wiII be discussed. For

simplicity, the time dependent elements whieh in-

voLve two or more different frequencies will not be

included.

4"I Fabrieation of The Element- and General Requirements

For a time-independent elementr the frequency

of the power source must be the same as that of the

active HalI element. This rules out the possibility

of using a separate source for E¿ in the active HaII

element (see Figs , (3.2) and (3.3)), beeause it is

impossible in practice to make the frequency of E¿

the same as that of the other active network ( we

consid.er it as power source in Section. (3.1)) to be

connected to this element without an automatic syn-

chronizing system connected in between" The latter
is complicated and not practical" For this reasont

irl.:i liirt i¡-:

I r|r,:, rt -.:.-

i.'¡litì:,;,,'j
i: j..i : :::' - :

r :,: . r:.j.:11
i':''

4t+
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we derive E d from the active netvrork to be connected

to this element. Fig. (4.L) shorvs the basic arrange-

ment of the resistive and reactive elemeut us.irrg

Galvanomagnetic effect (n,R.E,G" ) in which B is the

constant apptied magnetic field, S represents the

semiconductor llall specimen, A, the amptifier and Pt

the phase shifter¡For s desirable element the equiva-

Ient ímpeclanceZ (w) should be independent of the

current I @). To satisfy thís requirenent, llrl
must be proportional to lI I . This Ineans that the

ampli.fier must be linear i,e. its output curuent must

be pr:oportional to its input current. (cf 'Equations

ß"n) {o (3.34)),

The type of the active network to be connected

to the element and required characteristics of R.R.EoG.

deterrnine the choice of the HaIl specimenn amplifier

and phase shifter, fn general the following factors

are important for choosing these componentsl

(a) HalI sensitivity KH must be high so

that smaller magnetic field and smaller ampli-

fication are required to produce the required

magnitude of Z (w),

(b) The amptifier must have high current

gain and rnust be isoLated from both the

input and output 'bo avoid any possible

oscill-ations of the arnplifier caused by the

45



r: (o)
-------> rH (@)

<--

Fig, (þ.1) The resistive and reactive element
based on galvanomagnetic effect (R.n,E.G.),

È
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feedback through the HalI specimen,

(c) The phase shifter shoulcl be desl-gned in

such a lvay that the attenuation of' the ampli-

fica'bion is as small as Possible'

(d) The magnetic field can be produced by

perrûanent magnetic films deposited on the

surfaces of the HaII speci-men. Since most

magnetic filrns are conductive or semiconduc-

tive, it is d.esirable to deposit first a di-

electric fitm on tlre Hall- sample surface be-

. fore a magnetic film is deposited to isoLate

theHallspecimenfromthemagneticfilrns.

- Some typieat values of input impedance, output

imped.ance, current gain and voltage gain of trans-

istor amplifiers are given in Tab1e (4rI ) " According

to the requirements given in (U) we use the common

emitter configuration for the amplifier and differ-

ential amplifier arrangement to isotate the input

and outpr.rt of the amplifier" Fig. (4,2) shows the

circuit diagram of R.R,"E.G. in v¡hicÌt Cp is the phase

shifting capacitor, Tt, to Trs are the transistors

and Ru is a bypass resistor of very low value which

shouÌd be so srnall that its disturbance to L (ù is

negligibly small . Fig" (4.3) is the equivalent

circuit of Fig. (+,2) in which Al and A2are respec-

tively tìre current gains of the first stage and the

lt=\:-tl. jl' -.'i',, ;:..1r
i..:- -:-.:..:..:jl. : ì
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Table (4.1) aftbr Ghausi (L965)

fnput
impedance

0utput
impedance

Common
base

configuration

Current
gain

Voltage
gain

2 5 ohms

ll8 K-ohms

Common
collector

configuration

0. gB

232 K-ohms

L27

Common
emitter

configuration

55 ohms

5o

t.6?0 ohms

o.99

72 K-ohms

-,44
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r ((Å))

v ((l))

:,.;.' .

t+?x 
I ror

Fig, (4.2) Circuit diagram of R.R.E.G.
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KirBrH ( ø )

rH ((I))

L-

KHBÏ((,))

. 1¡'r;

ar:.

r
I iar

Fig. (l+.3) Equivalent circuit of R, R.E. G.
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second stage of the amplifier ,. Z U and ZtZ are respect-

ively the input impedances of the first and the second

stages of the amplifier, The output impedances of

both.stages of the amplifier âr€ s-ssünned to-b:e. large enough

for a co¡rsta.nt current output,

4"2 Anatysis- g_f the 5-.R,E.G.

1o simplify the analysis rve first define the

three parameters H (ur), ç (ur) ¡ and P (r¡r). The Thévenin

impedance l-l (,¡,1across the terminal ã.¡ and b in Fig.

(4,1) eonsists of the internal resistance Rr betvreen

the current terminals of the HalI speeimenr the collt-

bination of the bypass resistor B¡ ,. the input im-

pedance of the amptifter Z¡¡ and series resistanee R".

Thus

5r

(Åp. t )

The current gain and generation constant, Ç (æ) i*
defined as the ratio of the magni'bude of the second

HaII potential to the magnitude of the current flowing

into current terminals of the Flall specimen rvhen the

phase shift and. the attenuation factor P(r¡)is unity.

It is

H(u¡)= Rs+R,+ ffi,

(4,2)

l;J"', P (ur) is de-

which indicates the

nt f¡ (u¡) trom the in-

.t
lr,'-

onf

ble

urre

l-

é-

c

,!

ti
ia

w

(

+

l-

u

B
I
t-

KnE
ll

Cat

iona

heo

d

1

h

I

an

ct
+

Ç(tl=
The phase shift
fined as the fun

phase shift I of

I"( i i. .:., ;. :.:-
l:r: r_ ::\ --':l
ill:¡:lr¡i=i

ur) 
I

etlua

var

tput
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put current I tt¡l , and also indicates the attenuation

of the current gain of the A and P unít, and it is êx-

pressed as

The value of P(w)can be positive, or negative, or

cornplex

Using the three parameters, we can lvrite the

equivalent irnpedance of the R.R'E.G. as

Z(w)= H(rrt) + Ç(wl P(r^tl

= Htr¡l + Ç(wllPtøl (cosY*jsin{)

= Rfr¡) +¿XUÐ) (4.1l, )

The equivalent impedance can also be expressecl as the

ra'bio of the voltage across the termimals a and b to

the current flowing at the current terminals of the

HaIl specimen.

Thus

ZUtt)= ryI (t¡¡l

: RsI@) + R,rtø + i# r twt

I tur¡

KrBI(t¡) #,A, #r*tr,+ tt'l

Pfo¡= lPcrtl(cosf, + jsin[) (4.3) ;,';.t:,,:1,''',:,',.
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=Rs*R,* m. RnBA,/*+
Ku+ln l+jwC7Zy2

and

By comparing

H(1./0I

Ç tøl

Equations (4.4) and (4.5 )

= RS+R, + W
= KrB A,Az

Ru

Ra+Ztt I + ¿uCpzu2

ZtZ are expressed as

= Rrr (w) + j Xr, tutt

(4,5)

we get

(4,6)

(4,2 )

(4.8 )

t a'.':'

",:t.
:_.::.

l.: ....-: ; :

If

I tw)

Ztt ana

Zy

7rz = Rtz (tÐ + j X¡2 tt'tS

then rrom ?(w) = lPCrt I ( Cos tr + ¿sìn{ )
we obtain

lP(rrr)lcosY- lnÍ;1nr R 
')(t-WcrX¡e) - ft¡Xr oJcp?rz

[ ( n5+ pr,¡ + xl I {e+ øocpXn)z + (u,icp4 ÍI
(4.9 )

lProl lsinf = -. )'u {Cnr*nr 1

(4. ro )

ïf Ztt and Zr, are real- only, then Xtt = Xn = O
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Equation (4,6), (4.9), (4,f o) become

H (u,l = Rs + Q. + R¡ R', (4.1-1)I I Ra+R¡t

l p @)l cosl = (4 ,r2)

IP@)fsirrf,=- ffiz (4.13)

fn practÍce RScan be made very small as compared with

R¡r .. rf R¡ << Rg then Equation (4.11) to (4,13)

become

,H(ur) = Rs f R, + R¡ (4. r4 )

tP(')tcosl= # 
(þ'ts)

I P(orf sì,n[ = ; Ra øce fuz
R¡r ( t + ucp ßrrl2 (4. 16 )

l+.3 The Electrical. CharacterisËqs_of R, RqEnÇ"

The electrical characteristics of the R.R.E.Gn

are determined by the characteristics of l'l (wl, q (w)

and Ptw¡. For low frequencies Htw¡andÇ(u) can be

assumed to be eonstant. The frequency characteristics i':,'.]:::i

of R ttu), X Lü) and 8, (9are dependent only on P tuD> c

Figs (4,4), (4.5'), (4.6 ), and (4:/,) shov¿ the variation 
i

of R, X , and e, with the phase angle Y for H = O,
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f{ = 6rr-, ¡-{ = 10 fr and fJ = Lz tL . In alL cases

lPtrrl q cw¡ is set equal to 10. It can be seen that

R, X, and Q depends greatly on / and theoreticatly I
can be made +ooor -ooby acljustÍng I . The follorving

are the phase shifts at v¡hich Q is a miximum"

H (ohm) 0 (max ) r
0 too 90o and 2?Oo

6 1Ø L26o and ZJ)o

10 +Ø tN 1B0o

T2 4/ L"5 1500 and. 2I0o

Consider the effect of the phase shift I or't

the frequency response of R"RuE"Go r we refer to

Fig. (ll"8) which is part of Fig" (4.3). For a cur-

rent source I O, whieh is taken as a reference cur-

rent and is proportional to I , the inptrt current

to second stage of amplifier i 
^u 

is

t-uAz

There are tlo
the amplifier

e --' c and f -->

I

ñr7

fu, + Rtz 
-At

\'Jays to connect the output termi¡rals of

to the HaIl terminals. They either are

d, or are e --+d and f --tcr the differ-
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enee between those two cases being

difference. For these trvo casesr

and at'Lenuation factors are

Pwl=

or

only 1B0o phase

the phase-shift

l
i (ÐCe

fu, + R,z

I úü Cr Rtz
t + (dCfRrù' (4.tA¡t *(w cp Rn)'

a simple phase shifter for a

is considered to be propor-

case the input current iO,
givør by

are two possible ways of connection as

for a current source. For these two con-

phase shift and attenuation factors are

1 ;::i !

¿

p'tø1=
I + ( NCpRnf

Ø c, R',
| + (uCpßtr)"

(tl,1g )

-Fr
The real and. the imaginary parts of Pþ)ana p'{u) 

^,
functions of ûequ-ency '¡v are shown in Fig. (4,9) and

Fig' (l+. L0 ) .

Fig, (þ.11) shows

voltage uorrt"" [¡ which

tionaÌ to J , For thís

into the second stage is

,-LAz

Again¡ there

in the eases

nections the

VA
(l+,zo)

+j

Rrr+fu
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P(o)=#
' 

¿AlCr

or

l-.,: :-..' .-.::i

_ (tttr)" Rrz J- : W cp
t+ (wcpkù, - J @12 (+,zr)

at' (utcP)"Rtz : 0JCoy (o/= - ,_@crr_f -¿ ¡+
(4,22)

The real and the imaginary parts of p(ø)and p'tw)
as functions of k) are shown in Fig. (4,l.2) ana Fig.

.-/'
(4.13 ) ,

Having known the p@) o* P'(üJ)as function of
frequency, we now can determine RtCI¡ and X (w) ,

Figs, (4,1¿l) and (¿1.15 ) show the frequency dependance

of R fûr) ana X (ur)ror severat vatues of q v¿-i,thl-l as

a constant. Figs. (4.16) and (4,I? ) show the fre-
quency dependence of Rfrtand X(w) for several values

of H with6u" a constant.
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CHAPTER V

EXPERI}NENTAL RESULTS AI{D DISCUSSIOI\í

fn this chapter we shall cÌescribe the experi-
ments designed to prove the theory given in Chapter

IV and to show the use of the R.R.E.G. as an eLement

in simple oscilLator and tuned circuits. l{e shall
discuss step by step as follorvs:

5,I Equiva.l-ent fmpeclance vri-th D.C" Fovrer Source a.nd

D,C, Actirre HA:ì-l- LoaÈ

_, 'In order to shorv hol an ac'cive source connected

aeross the Hall terminals causes the change of the

equivalen'b impedance looking at the current terminals,
we use the experirnental set-up as shown in Fig. (5..1)

in vrhich R, rt'tO ft, are the internal resistance of
the HaLl specimen across the current terlninals ancl

the Hal1 terminal-s respectively. The IiaIl specimen

is an n-type l¿ As of which ft, = 3.3 ft and Ra = 3.Or:L

in the absence of magnetic field, and R1 = 6.2t:. ancl

Re = 6.0¡I when B= I0 kilogauss. Roan¿ Rd are.

resistance which are connec'bed in seri.es to the

sourees Eo ano E¿ .

Referring to Fig. (5.I) we can wr:ite

i:.-.:r'

i."!--.r',-t
:r'::':i ': ì- : i.

l:. r. . i
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ter

R¿

(a)

r¡1

(b)

Fig. (5,f) Experimental set-up (a) and
its equivalent circuit (U).

R¿

I

Voltmet

I

R1

UBIH
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V = ãk + K,BIx;fu (5.r)

T = E"-KnBl** R¡+R,
(5,2)

Thus the equivalent impedance looking at the termj.nals

aandbis

z=
.-, KIBIH ( R,+R')

= IfrT u-K.BT, (5.3)

fo visualize the characteristics of Z r wê have

the follovring three cases r

(a) when RottR, and EoÞKn6In thenl-|/.".
- --Tn this case the power source can be consider-

ed as a constant current source, ancl the vol-t-

-:.;..:-:r.::

V

age V becomes

V = R, I + K,B J* (5,4)

ancl the equivalent impedance becomes

Z= R, + K,.B + (5,5)

Since Rlo I and KgB are constant for a given

magnetic fieLd, the values of V and Z should

increase l-inearly with increasing I, rvhich

can be adjusted to any value and to either
positive or negative direction. Fig, (5,2)

shows that the experimentaL ::esults are ilr
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0.8 L;2

' '''i::.:I

I

,i

-o 12

-t
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1.4

IH mA)

Fig. (5,2) v as a
case Ro >> Rl

function of Tn for the
and Eo >> KgBI¡-¡.
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Fig. (5,3) I and Z as functions
the case Ro-Qand V = Eo.

Theoretical

... r...Experimental

5 7IH(mn)

" -VtJ-î

lt:';-:':J"¡

?6

of Ig for



77

excel-Ìent agreernent wj.th the theoreticaL pre-

diction. The experiment was performed rvith

Eo = l0yRo = 100Kn' f = 0.1m4 and þ = 10i{

gauss t

(b) when Ro a,O the power source can be con-

sidered as a constant voltage sou.rce. fn
this case¡ wê have

\r/'= Eo ( 5.6)

(5,?)

(5.8)

I= EO - KHBI'{

Rl

and 7 = EoRl
¿- 

Eo - KHBIH

I increases linearly with In but Z increases

wÍth decreasing I IF I and becomes infinite
vrhen Fo= K¡BIH , Fig, (5,3) shows

some experimental results for Ro = 0,

Eo = 5mV. and þ = 10 Kilogauss. Againrthe

experímental results are in excellent agree-

ment with the theoretical prediction,
(c) when R¿ iq of such a value that the

power source can neither be treated as a
constant current source, nor a constant

voltage sourceo In this case we used

Eo = 5mVn Ro = I0 and þ = 10 Kilogauss

f,or the experiment. The results shown in

Fig. (5,4) are in good ¿.greement with the
,.:i'.. ..¡+::Lì
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theore,tical prediction"

5,2 Equ.iyalent Imlte_dance lvith ArC. Source and 4.9.

Active I{a.Il Load

When the frequency of ârl ârc. povrer source and

that of an â.c. active HalI load ?"" different, the

equivalent impedanee of the â.,e, active Hall load is

given by Equation (3,3), We rewrite this equation

as follows ¡

7 (a,,û,t) = Z,(tDo) + # tmt
( 5,9)

F9. simplicity, we use pure resistance Ro and Rl,

which are independent of frequency, to represent Zo

and. Z, ¡ then Equation (5,9 ) becomes

/(wo,w,,t)= Rr + Etk'tt) (5.10)
L (u)o,tÐ,,L)

in rvhich E , &^)t) iu the HalI potential produced by Jx r

E, = KHBfH (5.rr)

Suppose rve talce ï as reference

! ¡rrÌ:!lr:11r.: j -i ,
ir.. - r": 'r, -l
'ìii-i-irl: '¡51;:ii

and lvrite

I = lrl¿o (5.L2)



l4È-+t::r'rlè:

BO

I* =

I1n V"n]-en L

time dependent'

in the Appendix

and (5,]-3) into

I\1,/ (w,- w,lt * l"

= I Trl,/ I (uto, ot,, t) (5.r3)

- 2n¿ :'-=- The phase angle fQ)o-L)t '

the physical meatring of vvhich is

I . Introduc ing Equatione ( J, 1I ) r

Equation (5,10) we obtain

IS

given

( 5.r2)

Z ( wo, tt), ,t )

in which

and

X (0",0,,1)

The quality factor is therefore

= R (u)o,u)t,t) + lX (wo,tl,,l)

( 5.14 )

R ÚÐo, N, ,L) =R, , K¡a B llrl-t'

fil
Cos f, (wo,tÐ,,1)

( 5,L5)

Sin f (,Io , N,,t)

(5.r6)

I x (tlr, ttl,,t) |

R (tuo ,u)t, t)
I K" B l+l sin f (No,tt),,t)

Q Ul'rttJ,.t) =

R, + K,{B llrf cos f (tto,rår,rr,



ancl the phase angle þ (*" ,w,.1 )
relative magni tude of X (wo, ü,,

is given by _

P t, o , Lü t,t ) = ton-' x (.uo 'u)'if)
g (uo,tttt)t)

= toun-t Q Lwo,t ,,ri)

The absolute value of Z (wo, w, ,t) is

which indicates the

t ) and R UÐu, !t,,t)

(5.18)

thus

(5,

Using the experimental set-up as shown in
Fig. (5"5), v\re obtained a series of results for

I Z ( @o., 0J,, t ) I "" a functÍon of þ (wo,ør,t)

for l+l = 0.5, l, l.Jand 2 at f"=#,=l0KHz
and. fo-l, = W
in I'ig " (5,6), For this case both ø (e)ot ti,, t)
and I Z tuo ,t!, ,t ) I

are time dependent as shovrlr

in Fig. (5.?), The rate of the change of I Z ta',u,,t)¡

and ø (u)o,tù,rL) depends upon the frequency

difference l¡e'Lr,¿een 3! ¿¡¿ wl 
-' zTL *^'* zTL'

\,Jhen (¡)o ancl Ør are identicat or derivect frorn
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the same source, both þ and Z are independent of

time" In this case the value of Z depends mainly orl

l+l and the phase angle f between T ancl rH. usins

the experimental set-up sholn in Fig" (5,8) I,, was

derived from the same source the test oscillator of

the Hewl-ett Fackard vector impedance meter, which lvas

also used to produce I, therefore the frequency of I
ancl that of 1, are identical. Fig. (5,9) shov¡s the

varue of f Z I ana ø (= tan-' å) as functiors of f
and l+l . For this experiment HaII specimen has

KH = 3,86 ohm/r'reber RI = 4.þf fL, RZ = ll.þfL with

þ = JKilogauss. The experimental results are in good

agreement with the theoretical prediction. It is in-
teresting to note that when In is larger the value of

ø becomes closer to the value of Y o and that Z
Jras an inciuctive component rvhen f is positive and

a capaeitive cornponent when I i" negative.

5,3 Resistive and Reactive Elements Baseci on

Galvangsasrlet i_c F{lgc t ( R-" LE, _G-) ,

Referring to Fig" (4.2) and Equa'tion (4,5) the

equi-valent irnpedzr.nce of the R.RnB.G. is given by

Z(w)= RsaR,+ Rs(Rr,-jXr,)
Rs + R' - jXn

+ K"B A,A, ( Ru \(_
\ Re +Rr,-jXr'/\



( 5.?0)

B6

vJhere

= H + qP

= R + ¿X

R,+

BA.

Ru

H=
tT

Xv,=

A ?z-

I

U) C7t

.t
w crt

(5,2L)

(s.zz)

(5,23)

( 5,24)

Rr+

K"

Re (Rr, -jXp,)
Ru+Rr,-jXp,

A,

R¡ + R¡, -jxp'
ðXp, \

Wrr) (5,2s)

R= Rs+R, + .R¡Rr, (Rn+R,)+R Xol

(Ru+Rt,)'+Xp",

B At h Xp, R6 lXp, ( Ra + R¡,) + Xn Rtz

{ rno +R¡¡) R¡z - XprXl,}'* [ Xez(Rs+Rt) + Xrr R*J

( 5,26)

v = Rtxnt\ (Rr* R",)'"Xi,
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KsBA,A, fXr'Ra[Xr, (Ru+ gr,'¡+Xp¡R.,o\ - RtzXp& (r¡ +fu))
+

{R.r(Rs+R7,)12 + lxrr(R5+ Rr,j"
(5,2? )

If Cpt +ooí, e.

then Equations

eome

r-.1

P

Ru R'
R5* R,,

-jXe" \
Rn - )Xp, /

Ra Rtr
R¡ t R¡r

(5.28)

( 5 "29)

R

X

Cp, is replaced with a short circuit,
(5,23), (5.?5), (5,26) and (5,2? ) ¡e-

Rs+Rr+

I R' l/
\ R¡*ßt,/|i

Rt+R, +

(5,3L)

Using the circuit of Fig" (4,2) and ZNþIZ5

transistorsr wê obtained a series of results for R

and X as functions of frequeney under various cond-

itions and they are sholn in Figs. (5,I0)-(5,1?).

These results indicate the foI1or.'ring features ¡

(a) The shape of' the frequerrc¡¡ cleperrdance

of ectruivalent impnrlance curves is not al-tere<i

( 5,30)

KuB At Az {Raxl (Rv+ Rtù - Ruftrxpz (Ra + &,)j
( Rrr(R¡+ R¡r ) J 

2 + (xr" (R5+ Rr,) J 
2

r- K¡aB A,ArXi, Ra(Ra*R¡r)

[ft( e5 + R, l)'+ fxn( R5 t R¡¡ ]]¿

l.:::: : .: .:jll-:i!
1+i,rì:.:ì3a
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by changing the value of phase shifter
capac itanc e.

(U) The curves tend to shift tolvard a

higher frequency ranße when Cp2 is changed

to a smaller val-ue.

(c) For fine control it is better to use

two phase shifters, orle for coarse con'brol

and the other for fíne control

The magnitude of equivalent impedance depends

on the current gain and generation constatrt G. The

experimental results for Gl = Q,JBJ x I0þ anO R¡¿= lRn

ancl G,' = L.2J x 104 an¿ Rr, = 567 A are shorvn in
¿

Fig. (5..I8). The frequeney ranges of the impedance

for both conditions are different because the input

impedance Rl2vras changed by changing the gain of the

ampl ifier r

5,1+ Ttr.e Use -of R,L"E.G, .ip_An Experimental Tune-d Cir$.it
llle have shown in previous sections that R.R,E.G.

can be made as a pure resjsbance element rvith positive

or negative values, or.a pure inductive reactancer or

a prrre chapacitive reactance, or the combination of

both. In this section vre shalI shol how sueh an

element ca¡r be used in an oscillator circuit and a

tuned circuit. The experimental circuit for oscilla-

tion is sholn in Fig, (5,19). For this case when

9B
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7u = O I wê have

z Ra+ R¡r

and when Ïr * 0, we have

z = H + ÇP

= H + Çlft cos l+ jqVlsinf,

= R + jx ( 5"i 3)

the oscill-ation occurs when R = 0 ana X=Xcv

i.ê. v¡hen fi=-ÇlPlcosfana Xcr= ÇlPlSi,n f ,

For different values of phase shifter, vre can adjus't

Cr anO R5 to meet the conditíons for osciltatj-ons.

Fig. (5,20) shows the values of X G Xtr) and.

H ( = - ç lpl cos tr) as functions of frequencyo

i,le also use this elernent in a tuned circuit as

shown in Fig. (5,2:-.) for paralle1 reasonance and

Fig. (5,22) for series reasonarrce¡ The experimental

resuLts are shown in Fig, (S.Zj) to15,26) for Cv= O.ql pF,

o,7+ lLF, 0.555 lF., 0.355 ¡tf and 0,,g5 pF

The higher the reasonance frequency, the broader is
the bandrvidth of the reasonance and the lov¡er is the

value of the quality factor Q .
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(a) Experimental cÍrcuit
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(b) Experimental

Rlt
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(c) Series resonance circuit
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CHAPTER VI

CONCLUSIOi{S

lhe experimental resul-bs on the eLectrieal

characteristics of the proto-type resistive and re-

active elements based on gaJ-vanonragnetic effects

(R.R.E.G, ) are in good agreement with theoretical
predictj-on. From the results lve can conclude that

(I) the R.R.E.G, can be na.de either as an

inductance, a capacitancen a positive or

a negative resistance' or a combination of

them. The magnitude and the. characteristics

of the R,R.E.G. depend upon the magnetic

field, the ratio of the HalL current to the

current florving through the cur.rent terminals

and the phase angle betlveen these tlo cur-

rents, and the operating frequency range.

(2) If frequency of the exciting source

connected to the HaIl terminals ís different
from that of the active network to be con-

nected to the current terminals, the equiva-

lent impedance of the R.R.E,G. will be time-

dependent. The rate of change of the imped-

ance depends upon the difference'between the

two frequencies. '
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(3) If the whole systern involves only one

frequency, the equivaLent impedance becornes

time-independgnt, but it <ìepends upon the

relative magnitttdes anq phase angles of the

HaIl current f¡¡ at the HalI terminals and

the current I at the current terntinals.

(l+) fn order to ma.ke the equivalent imped-

ance independent or I , the ratio l&l- lI I

must be kept constant. 'To do "o, the arnplifier

must be linear and the phase shifter must be

stable

ß) The behaviour of R.R.E,G, in the oscil-
-lator circuit and in the tuned circuit is

similar to that of a conventional reactive

element. The higher the v41ue of the quali.ty

factor, the narror,¡er is tnä band-width of the

resonance.'

(6) There are nany possíbì-e applications of

R.R.EoG. For exarnple, the negative capaeí-

tance of R"R.E.G: can be used. to eliminate

the stray capacitance of any circuits, such

as antenna'circuits. Similarly, the negative

resistance or the negative inductance can be

used to elinrinate the unwanted resi-stance or

inductance in a circuit. As such elenents

i.::
il-: i
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can be easily miniaturized,

to represent any Pararneters

tronic circttits 
"

they can be used

for microelec-
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APPENDTX A

THE TIÀ;IE DE}ENDENCE 0F EQUMLENT ITvIFEDANCE

The impedance of a network looking at two

terminal-s is usually defined as the ratio of the

voltage betleen the two terminals to the current

flowing into the network and it-is time-independent

because it usually involves not more than one fre-
quency at a time. If the impeciance involves two

different sources of two different frequencies, then

it becomes tirne-dependent, From Equation (3.U)

we can write

Z(u)o,Ø,,t)=f tffi)
If we write

Eo Qtl',t ) =

and

ì,..:.'.:'

E, (w',, f')
where lo it the phase an

t= O thsn
eL

E"l g â@ot

E,l e i(o't +Y')

e between Eo and E, at

ç = Eo(u",t) 
= I\'o Et&Ðt,t) I

where t 4 LTt
ü)o- îJt

e cog[(¿ro-a,)t -T,]

Al t ¡n|(üo-0,)t -%}+¿



It can be seen that if (t)o = Ð, , Z becomes

time- ind.ependent, Fig. (A,l ) shows the time-dependent

phase rel-ation betvreen Erand E, for I E.l = I E, I arra

Fig. (A.2) shows the variation of Ç with time. Since

6 is a function of time, Z depends upon time,

113
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Fig. (4.1) Phase relation between Eo and E1 for the case lnol = lEtl.
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APPENDIX B

THE PHYSICAL IIiEANING 0I' 0

the quality faetor â, is usually definecl as

0= lxl
R

/, = Al L for the impedance consisting

tive reactance and f = -t! forØC
consisting of a capacitive reactance.

factor at resonance is given by

of an induc-

the impedance

The quality
i :-::: : ..: : i :r a-

!i: aj ::: r -::.:..,..
iil: . j.. .: .. -... .,1

1,. 
r,.,i;',.1 ...t ',. :;

:':, .,i:1.1:

i...-

In our resistive and reactive eletnents based on

gaJ.vanomagnetic effeets (n.n.E.G. ) the value of R

can be negative. Under this condition A is negative.

the negative I itrOicates that the inpedance eÌement

does not dissipate energy, but rathe::, generates

energy. Generally the higher the value of A , the

Iorver is the energy dissipation when A is post5-ve,

and the lovrer is the energy generation when â i"

negative. Thus the eLement having a negative A can

be used to cornpensate the energy dissipation of the

element having a positive A .
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