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1 Introduction

If a conductorcarryinga currentis immersedin a magneticfield, thechargecar-
riers in the conductormay experiencean additionalforce dueto this field. The
chargecarriersaredeflectedto thesideof theconductorasa resultof this force,
creatinga potentialdifferenceacrosstheconductorat right anglesto thecurrent
flow. Thisprocessis known astheHall Effect.

To understandhow theHall effect works,considerthesituationshown in the
diagrambelow. In this situation,theelectronsareforceddownwardby theaction
of themagneticfield. Thiscausesthetopof theconductorto becomepositivewith
respectto thebottom.Thiscausesadownwarddirectedelectricfield to developin
theconductor. This field producesanupwardforceon theelectrons.Equilibrium
is reachedwhentheelectricforceis equalto themagneticforce.Thisconditionis

Figure1: Originsof theHall Effect
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satisfiedwhen ���������	�
Theinducedelectricfield producesapotentialdifferenceacrosstheconductor

at a right angleto thedirectionof currentflow. Its magnitudeis
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where� is thewidth of theconductor. This impliesthattheHall voltageis
proportionalto boththeelectrondrift velocityandtheappliedfield. Notealso
thatin this instancethattheHall-inducedpotentialdecreasesfrom top to bottom.
Supposeinsteadthatthechargescarryingthecurrenthadbeenpositive. In this
case,thechargesaveragedrift velocitywouldbein thesamedirectionasthe
current;themagneticforceon themwouldagainforcethemin thedownward
direction.In this case,theHall potentialthenincreasesfrom top to bottom.The
signof theHall voltagecanthereforebeusedto determinethesignof thecharge
carriersin aconductor.

2 Theory

2.1 Relation Between Current and Drift Velocity

Considerthesituationshown in thediagrambelow. Thecurrentpassingthrough
across-sectionof theconductoris foundby dividing theamountof chargeby the
time it takes to passthrough. The electronswhich passthroughin time � are
thosecontainedwithin a volumeboundedby the cross-sectionof thickness� � .
The total numberof electronsin this volumeis � � � ��� , where � is the number
densityof electronsin theconductorand � is its thickness.

It follows that � � �
� � � � � � ���

� ��� � �����
andtherefore
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�
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TheHall voltagecanthenbeexpressedas


�� �
� �
� � �����

�
� �
� (1)

Thequantity � � � � "! is calledtheHall coefficient.
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Figure2: Hall effecton acurrent

2.2 Electric Current in Semiconductors

2.2.1 Basic Principles

In crystallinesolids,theatomsaresocloselyspacedthattheirelectronwavefunc-
tionsoverlap;it thenbecomesdifficult to associateelectronswith particularatoms.
As a resultPauli exclusion,thediscreteenergy levelsassociatedwith individual
atomsbecomebandsof very closelyspacedlevels; electronenergieswithin the
bandcanthenbeapproximatedasa continuousvariable.In metals,theouter(or
valence) energy bandis only partially filled by electrons;thesecantheneasily
acquireadditionalkinetic energy from the applicationof an electricfield. As a
result,metalsareconductors;that is, they caneasilycarryanelectriccurrent. In
nonmetals,thevalenceenergy bandis filled. The next higherbandis calledthe
conductionband.In insulators,thereis a largeenergy gapbetweenthis bandand
thevalenceband.In semiconductors,this gapis small. Thermaleffectscanthen
pusha significantnumberof electronsinto theconductionband,leaving a "hole"
or unoccupiedenergy statein thevalenceband.Both conductionbandelectrons
andholescaneasilychangetheir kinetic energiesin responseto anelectricfield
andcanthenserve ascarriersfor theelectriccurrent.Theholesbehave like pos-
itivechargesin responseto theappliedfield. Both carriersareknown asintrinsic
carriers. Their numbersincreaseastemperatureis increased;this resultsin the
resistanceof semiconductordecreasingwith increasingtemperature.Note,how-
ever, thattheintrinsic carrierscannotproducea Hall voltage,sinceeachis acting
in oppositeways.
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2.2.2 Doped Semiconductors

In a dopedsemiconductor, the crystal is contaminatedby dopingwith an impu-
rity. If thedopingmaterialhasonemorevalenceelectronthanthebasematerial,
an n-typesemiconductoris produced.As an example,considerthe casewhere
germaniumis dopedwith arsenic.Theenergy levelsof theouterelectronsin ar-
senicis slightly differentfrom thosein germaniumandlight just slightly below
theconductingband.As a result,arsenicelectronscanbedisplacedinto thecon-
ductingbandwithout leaving holesin the valenceband. As a result, electrons
predominateasthechargecarrierin thesesubstances.In a p-typesemiconductor,
thedopingmaterialhasonelessvalenceelectronthatthebasematerial.An exam-
pleof thisoccurswhengermaniumis dopedwith galium.Theenergy levelsof the
galium’svalenceshellarejustabovethevalencebandof thegermaniumandleave
holes(unoccupied)statesin this energy region. As a result, thermaleffectscan
move somegermaniumelectron’s into theseholes,creatingholesin the valence
bandwithout offsettingelectronsin theconductingband. In this instance,holes
arethemajoritychargecarriers.Chargecarriersresultingfrom dopingareknown
asextrinsic carriers. Over the temperaturerangein which extrinsic conduction
predominates,theresistanceof thesemiconductorriseswith temperature,just as
it doesin a metal. Onceintrinsic conductionbecomesimportant,the resistivity
falls with rising temperature,dueto the increasein the numberof charge carri-
ers.TheHall Voltageis essentiallyindependentof temperatureover theextrinsic
conductionrange(providedthatthecurrentis heldconstant).Onceintrinsic con-
ductionbecomesimportant;theHall Voltagefalls asthe temperaturerises. This
is dueto thefactthatbothtypesof chargecarriersarecreatedin equalnumbers.

2.3 The Hall Effect Apparatus

Thediagrambelow showsthelayoutof theHall effectapparatus.TheHall voltage
canbereadby connectingacrosstheterminals(3). Drivevoltageis appliedto the
terminals2.1 andeither2.2 or 2.3. If 2.3 is used,a currentlimiter is engaged
whichmaintainsthecurrentthroughthecrystalatabout30mA. If 2.2is used,this
functionis bypassed;theuserthenmusttakecarethatthecurrentdoesnotgreatly
exceedthis value. The knob (5) is usedto adjustfor the offset voltageacross
the Hall voltageterminals(3). Unlessthe tapsfor theseare directly opposite
oneanother(a manufacturingimpossibility) therewill be a potentialdifference
inducedbetweenthesewhencurrentis flowing even with no appliedmagnetic
field asa resultof theresistanceof thecrystal. Theplugs(4) attachtheboardto
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Figure3: TheHall EffectApparatus

its support;they canalsobe usedto apply currentto a heaterat the baseof the
crystal. The jacks(4) connectto a thermocouplewhich canbe usedto measure
thetemperatureof thecrystal.

Caution #1: Germanium crystals are brittle and are therefore
fragile. You must take great care not to bend or twist the plate
support during are assembly and disassembly.

To affix theplateto thesupportrod, thetwo plugs(4) arepushedinto thesockets
by pressingon the front of the platesbetweenthe nutsthat securethem. To re-
move theplate,thebackof theplateneartheseplugsis pressedwith two fingers
andpulled away from the rod. Whenmakingconnectionsto individual sockets,
supporttheplateby pressingyour handagainstthebackof theplate.

Caution #2: The maximum allowable current in the crystal is 50
mA. The current limiter is set to 30 mA, which yields a gener-
ous safety margin. However, some measurements will be made
with the limiter bypassed. When operating in this mode, you
must take care not to exceed this limit.

3 Experimental Procedure

Eq. (1) predictsthattheHall voltageis directly proportionalto eithertheapplied
field or the crystalcurrent(provided that the otherparameteris held constant).
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We will usea variablevoltagesupplyandpermanentmagnetsto test theseno-
tions. The permanentmagnetsareattachedto oppositesidesof a C-clamp(see
the picture below). The magneticfield strengthis varied by adjustingthe gap
betweenthemagnets.

3.1 Variation of the Magnetic Field Strength with Gap Width.

First, you will determinethe rangefor which the magneticfield varieslinearly
with gapwidth. This is doneby thefollowing procedure.

1. Connectthecrystalboardto thesupportrod usingtheplugs(4).

2. Adjust theC-clampsothatthemagnetsareabout4 cmapart.Determinethe
pitch of the adjustingscrew by measuringthe linear advanceof the screw
for somenumberof turns.

3. Connecta voltmeteracrosstheterminals(3). Connectthepower supplyto
theterminals(2.1)and(2.3). Turn on thepower supplyandsetthevoltage
to around12 V. Any voltagethatappearsacross(3) is dueto offsetof the
connectionsto thecrystalandshouldbeeliminatedby adjusting(5).

4. Placethe magnetassemblyon the jack so that the germaniumcrystal is
centeredbetweenthemagnetpoles.

5. Make a seriesof measurementsof the Hall Voltagevs. magnetposition.
Rotatethescrew by onerevolutionbetweeneachmeasurement.Themagnet
gapcan be determinedwithout removing the magnetsby subtractingthe
total numberof turnstimesthe pitch from the initial gapwidth. Make as
many measurementsasyou can,however, becarefulnot to let themagnets
touchthefaceof thecrystal.If thisoccurs,theforceof thejawsmaydamage
thecrystal.

6. Plot a graphof Hall Voltagevs. magnetgap. According to Eq. (1), this
voltageis directlyproportionalto themagneticfield strength(with constant
inputcurrent).Thisgraphcanthereforebeusedto determinetherangeover
whichmagneticfield varieslinearlywith gapwidth.
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3.2 Hall Voltage vs. Current Measurements

1. Connectanammeterandthe175W rheostatin serieswith thecrystal,and
connectthecombinationto a variablepowersupply. Oneleadof thepower
supplyshouldbe pluggedinto (2.1); the ammetershouldconnectat (2.2)
(thisbypassesthecurrentlimiter). Slowly increasethevoltageuntil youget
acurrentof about10 mA. Usetheknob(5) to cancelany offsetvoltage.

2. Setthemagnetgapto a settingabout1/3 of theway in from themaximum
gapin thelinearrange.Repositionthemagnetwith thecrystalbetweenthe
poles.MeasuretheHall Voltageandadjustthescrew sothatthegapis at its
minimumsafesetting.MeasuretheHall voltagein thisposition.

3. Increasethepower supplyvoltageuntil thecurrentreaches15 mA andre-
peatthe measurementsin step2. Continuethis processfor currentsup to
35mA. Rememberthateachtimethecurrentis increased,theoffsetvoltage
mustberechecked.

3.3 Temperature Measurements

1. Remove the ammeterand the rheostatfrom the circuit andreconnectthe
power supplyacross(2.1)and(2.3). Connecttheotherrheostatacrossone
of the 5 V tapson the power supply; thenconnectits variableoutputand
groundto theplugs(4). Settherheostatto thezerovoltageposition.

2. ConnecttheCBL thermocoupleamplifier to the jacks(7). Plugtheampli-
fier outputinto Channel1. Switch the CBL into voltagemode. Move the
rheostatto aboutthe 1/5 of the maximumsetting. Wait a minuteto seeif
the temperaturechanges.If it does,wait until it stabilizes,thenrecordthe
Hall andthermocouplevoltages.

3. Increasethe rheostatsettingand repeatthe measurementprocedure.Try
to take a total of tenmeasurementsasyou procedureto themaximumset-
ting. Onceyouhave identifiedthepoint at which theHall voltagebeginsto
change,take additionalreadingsaroundthis point. Usethe smalleststeps
thatproduceadetectablechangein thetemperatureof thecrystal.
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4 Data Analysis

1. For eachmagneticfield strengthin part(2), plot agraphof Hall Voltagevs.
Current(you may plot themon the samegraph). Is your resultconsistent
with Eq. (1)?

2. Plot a graphof Hall Voltagevs. Temperature.Determinefrom your graph
thetemperatureatwhichthetransitionfrom extrinsicto intrinsicconduction
occurs.
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