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Largein�uence of uniaxialstretch(strain)S andcompressionP on transverseandperpendicularresistivity ½andmagne-
toresistance(MR) of polycrystallinen-Bi �lms wasinvestigated. Thecalculationswereperformedon thebasisof polycrys-
talline Bi thin �lm modelandelectronintervalley repopulationin deformed�lm crystallites. The calculationsshow that in
n-Bi �lms the in�uence of P on ½canbe many times larger becauseT-holesin Bi �lms signi�cantly reducethe effect of
deformation.It wasfoundthatS andP causeconsiderablydifferentdependencesof ½andMR onmagnetic�eld strength.The
effect of P on the½andMR is of oppositesignascomparedto S andcanbelarger thanthatof S. In strongnon-quantizing
magnetic�eld region the transverse½appearsto be independentof deformation.The investigatedhigh-quality1.5 ¹ m thick
Bi �lms consistingof up to 200 ¹ m lengthcrystallitesweredepositedon non-crystallinesubstrateandannealedat critical
temperaturecloseto the�lm meltingtemperature.Theexperimentalresultscon�rm thetheoreticalpredictions.
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1. Intr oduction

The low carrierconcentrationtogetherwith a small
effective massand a long mean-freepath has made
Bi an ideal material for quantumtransport,galvano-
magnetic,anddeformationinvestigations. The highly
anisotropicFermisurfaceandhighcarriermobility has
alsomadeBi importantin applications.

Stronganisotropy of the electricalconductivity of
bulk bismuthandBi1¡ xSbx singlecrystalsunderuni-
axial stretchin binary C2 axis directionwasobserved
in Shubnikov–de Haaseffect measurementsat liquid
helium temperaturein Ref. [1] andin magnetoplasma
waves at 77 K in Refs. [2,3]. It was shown that the
anisotropy and orientationof the Fermi surfacehole
“ellipsoid” andelectron“ellipsoids” remainunchanged
in a wide rangeof deformations. However, Lifshitz
electronphasetransitionsandtopologicalalterationsof
the Fermi surface(3e + 1h ! 2e + 1h, 3e ! 1e,
3e ! 2e) wereobserved.Thestretchin thedirectionof
C2 axiscausesthetransitionsof electronsfrom L 2- and
L 3-valleys to L 1-valley with high resultinganisotropy
of electronmobility. Theelectricalpiezoeffect caused
by thedeformation-inducedanisotropy of electronmo-
bility in the semiconductingBi1¡ xSbx wasmeasured
by thecrossedinductioncoil technique[3].

Theapplicationof bulk singlecrystalsis limited by
their low mechanicalstrengthandcomplicatedtechnol-
ogy requiredto preparesingle-crystaldevices. Many
workers have studiedthe galvanomagneticeffects of
the bismuth�lms extensively. They have found that
a negative MR of thesemiconductingBi1¡ xSbx poly-
crystalline thin �lms at low temperaturesis due to
strongquantizingmagnetic�elds thattransformtheen-
ergy bandstructureof microcrystallitesandthe prop-
ertiesof semiconductor–semimetaltransitionat these
�elds [4]. A detectableanisotropy wasexperimentally
observed in the uniaxially deformedand unannealed
thin (30–650nm)polycrystallineBi �lms consistingof
small crystallites[5,6]. It wasdemonstratedthat thin
Bi andBi1¡ xSbx �lms arepromisingin the develop-
mentof deformationandmagnetic�eld sensors[6,7].
High-quality single-crystal(epitaxial)Bi �lms exhibit
largemagnetoresistance(MR) at low androomtemper-
atures[7–9]. However, thefabricationof such�lms is
expensive andcomplicatedbecausespecialtechniques
such as molecularbeamepitaxy (MBE) growth [9],
or electrolyticdeposition(electrodeposition)on orien-
tated single-crystalsubstratescombinedwith special
annealing[6,8] arerequired.

Only recentlyhigh-qualityBi thin �lms have been
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producedusing an inexpensive and useful methodof
the evaporationof Bi onto variousnon-crystallinedi-
electricsubstratesin high vacuumwith a postanneal-
ing processat critical temperaturesclose to the �lm
melting temperature[10,11]. The largemagnetoresis-
tanceof these�lms is associatedwith high anisotropy
of L -electronmobility in largehigh-qualitycrystallites.
The�lms of highqualitycanbeusedin avarietyof in-
dustrialandpracticalapplications.Recentlywe have
reportedour investigationson longitudinalmagnetore-
sistancein high-quality stretchedand compressedBi
�lms [12]. However, thein�uenceof uniaxialdeforma-
tion canbe muchlarger for the transversemagnetore-
sistance,wherethemagnetic�eld B is in the�lm plane
perpendicularto thecurrentdirection,andtheperpen-
dicularone,whereB is perpendicularto the�lm plane.

In thispapertheinvestigationsof thelargein�uence
of uniaxial deformationon transverseand perpendic-
ular magnetoresistanceof high-quality thin polycrys-
talline n-Bi �lms are reported. The calculationsare
basedon the previously proposedandimproved poly-
crystalline Bi thin �lm model that includeselectron
transitionsbetweenL-valleys in deformed�lm crys-
tallites. Thecalculationsarecomparedwith theexper-
imentalinvestigationresultson high-qualitythin poly-
crystallineBi �lms.

2. Resistivity of uniaxially deformed polycrystalline
Bi and Bi1¡ xSbx �lms

Thetotal resistivity of apolycrystallinebismuth�lm
resultsfrom thecontributionsof resistivitiesof individ-
ual microcrystallites.Themajorityof microcrystallites
areat angleto the surfaceof the substrateso that the
crystallitetrigonalcrystallographicaxisC3 is oriented
to thesurfacenormalat anglessmallerthan5±. On the
other hand,the microcrystallitesare not pointing ex-
actly in thesamedirectionin a �lm planeandthestate
of the�lm canbetreatedasquasi-isotropic.

The resistivity of uniaxially deformed polycrys-
talline Bi �lms was calculatedusing the model pro-
posedin Refs. [5,6,13] that was improved by taking
into accounttheelectrontransitionsbetweenL-valleys
in deformed�lm crystallites.The�lm wasrepresented
by a structureconsistingof the microcrystalliteshav-
ing trigonal surfacesparallel to the �lm surface. The
preparedBi �lms thicknessd is equalto themicrocrys-
tallite thickness.Theresistivity ½of these�lms canbe
representedasaseriesof resistances½1=l1 and½Gb=l2,
where½1 and½Gb are the resistivity of the grain and
theresistivity of thegrainboundary, respectively. The

grain size l1 is much larger then the grain boundary
thicknessl2, therefore

½(B ) =
½1(B )

2
+

l2½Gb

l1
: (1)

Since½Gb is independentof magnetic�eld, MR is in-
dependentof the small term that contains½Gb . In
the absenceof uniaxial deformationthe stateof thin
�lm in the substrateplane can be treatedas quasi-
isotropic. However, the stretchor the compression
in microcrystallitesinducesa transferof electronsbe-
tweenL-valleysthatcanresultin anisotropy of the�lm
conductivity.

In uniaxially deformedBi and Bi1¡ xSbx , the en-
ergetic position of three electronL-valleys, as com-
paredto the bottom of the valencezoneat T and L
points,dependson thedirectionandmagnitudeof the
deformation. Either the stretchS in the direction of
binary C2 axis or the compressionP in the bisectric
C1 axis causesa transferof electronsfrom L 2- and
L 3-valleys to L 1-valley. The compressionin C2 axis
or the stretchin C1 axis inducesa transferof elec-
tronsfrom L 1-valley to L 2- andL 3-valleys [1]. From
Bi crystalsymmetryandtopologyof the isoenergetic
surfacesit follows that the microcrystallitesin sub-
strateplaneroughly can be divided into two groups.
One group of the microcrystalliteshasC1 crystallo-
graphicaxis while the other group hasC2 crystallo-
graphicaxis randomlyorientatedin the Bi �lm plane
at anglessmallerthan§ 15± with respectto the direc-
tion of uniaxial deformation.Due to mentionedelec-
tronrepopulationbetweenL-valleys, it follows thatfor
microcrystallitesof thesetwo groups,in the presence
of uniaxial deformation,the sametype of anisotropy
dominates[5]. Therefore,eitherthestretchor thecom-
pressioncaninducetheanisotropy in conductivity mea-
suredin the�lm plane.A detectableanisotropy wasex-
perimentallyobserved in the uniaxially deformedand
unannealedthin (30–650nm) polycrystallineBi �lms
consistingof smallcrystallites[5,6].

Theoreticalcalculationsof intervalley repopulation
andmobility of L -electronsin Bi microcrystallites[14]
were basedon the McClure equation[15]. The en-
ergy spectrumof electronsin this equationis assumed
to be non-parabolicand the isoenergetic surfacesare
nonellipsoidal.As it is easilypredictable,therepopula-
tion of electronsis muchhigherat lower temperatures,
but even at 300 K thereis a considerablepart of ex-
tra electronsremainingin thehigher-energy L 1-valley
(about50%in the lower-energy L 2-valley at deforma-
tion " xx = 0.25%). This meansthat at 300 K the
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repopulationof electronsinto oneor two valleys is far
from complete.It shouldnotedthat theShubnikov–de
Haaseffectmeasurementsat liquid heliumtemperature
show that in Bi crystalsthe one-valley semiconductor
is realizedfor deformation" xx > 0.18%[1]. Themea-
surementsof electricalpiezoeffect in tellurium-doped
semiconductingn-BiSbcrystalsat liquid nitrogentem-
peratureshow that under stretch in the direction of
the binary C2 axis the electronrepopulationratio is
n1=nL > 0.9 at ¡ " xx ¼ 0.15%. Heren1 is electron
concentrationin L 1-valley andnL is electronconcen-
tration in all L 1-, L 2-, andL 3-valleys [3]. This means
thatat liquid nitrogentemperaturewith § " xx ¼ 0.25%
the repopulationof electronsinto one or two valleys
shouldbecomplete.

The conductivity of undopedas-grown Bi �lms is
�x ed by concentrationand mobility of L -electrons
andT-holes. The total magnetoconductivity tensorof
the �lm microcrystallitescan be found by consider-
ing transportpropertiesin undopedBi �lms in non-
quantizing magnetic�elds and summing the partial
contributionsof L -electronsandT-holes.Calculations
of resistivity andMR in non-quantizingmagnetic�eld
region were basedon the polycrystalline�lm model
making use of the crystallite resistivity tensor½ el-
ementsobtainedfrom mobility-�eld productcalcula-
tions[10]. Typicalmobility valuesof Bi at liquid nitro-
gentemperaturefor electronsin thevicinity of L points
are¹ 1 = 59, ¹ 2 = 1.12,¹ 3 = 32.7,¹ 4 = ¡ 3.8, and
for T-holesthey areº 1 = º 2 = 9.38,º 3 ¼ 5º 2 in units
of 104 cm2V¡ 1s¡ 1 [16]. Herethesubscripts1, 2, and
3 labelbinary, bisectric,andtrigonalaxis,respectively.
Themagnetoconductivity tensorof crystalliteswasde-
terminedusingtypical L -electronandT-holemobility
¹ i andº i valuesof bulk Bi andthemeasuredconcentra-
tion n of the�lm chargecarriers.We assumedthatthe
resistivity andMR dependenceonuniaxialdeformation
of Bi �lms canbeattributedto thedeformationinduced
transitionof electronsbetweenL 1-valley andL 2- and
L 3-valleys in the �lm crystallites. In addition,we as-
sumedthatat77K andthedeformation§ " xx ¼ 0.25%
the transitionof electronsbetweenL 1-valley andL 2-
and L 3-valleys in Bi �lm crystalliteswas complete.
Themagnetoresistancewascalculatedby usingtheex-
pressions[R(B ) ¡ R(0)]=R(0), whereR(B ) andR(0)
are�lm resistancesat magnetic�eld B andin theab-
senceof magnetic�eld, respectively. It shouldbenoted
that theconcentrationn of L -electronsandT-holesin
Bi �lm crystalliteswasindependentof deformationand
magnetic�eld. Therefore,for comparisonbetweentyp-
ical experimentalandcalculatedtransverse½T andper-

Fig. 1. Calculationsof the n e½i andMR �eld dependencesfor
polycrystallinen-Bi �lms: (a) for transverseresistivity ½T and
(b) for perpendicularresistivity ½¦ in the compressed(curves1),
undeformed(curves2), andstretched(curves3) �lms at77K (solid
curves)and300 K (shortdashcurves). The insetsin (a) and(b)

show calculatedMR magnetic�eld dependences.

pendicular½¦ resistivities of Bi �lm, the inversemo-
bility n e½i wasused

3. Transverseand perpendicular MR in deformed
Bi �lms

3.1.MR in n-typeBi �lms

The calculateddatasuggestthat the uniaxial defor-
mation effect on MR is larger in n-type, e.g. Te-
doped,Bi �lms where MR is due to electrical con-
ductivity of L -electrons. A comparisonof calculated
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valuesof n e½i for transverse½T andfor perpendicu-
lar ½¦ resistivities of then-Bi �lm at 77 K and300K
is shown in Fig. 1. Hereelectronconcentrationin all
L 1-, L 2-, and L 3-valleys n is independentof defor-
mation and magnetic�eld. We assumethat the de-
formation is enoughfor the repopulationof electrons
into one or two valleys to be completein the tem-
peraturerangeconsidered. As can be seen,the de-
formationsof �lm dueto uniaxial compressionP in-
creaseresistivity whereasdue to stretchS they de-
creaseit. The magnitudeof both ½¦ and½T strongly
dependson the unixial deformationat weakmagnetic
�elds, when! c¿ ¿ 1 (here! c and¿ arecyclotronfre-
quency andrelaxationtime of charge carriers). How-
ever, here½¦ and ½T only slightly dependon B . In
this B range½¦ (P)=½¦ (P0) ¼ ½T (P)=½T (P0) and
½¦ (S0)=½¦ (S) ¼ ½T (S0)=½T (S).

The in�uence of uniaxial compressiondeformation
P is by an orderof magnitudelarger thanthat dueto
thestretchS. At 77 K temperature½¦ (P)=½¦ (P0) ¼
14 and½¦ (S0)=½¦ (S) ¼ 1.6, with ½¦ (P)=½¦ (S) ¼
24. Thecalculationsshow thatthehigherresistivity of
compressed�lm is due to microcrystalliteswith high
anisotropy of theelectronmobility. Theperpendicular
resisistivity ratio, ½¦ (P)=½¦ (P0) and½¦ (S0)=½¦ (S),
is independentof B , while theperpendicularMR is in-
dependentof thedeformationin awholeclassicalmag-
netic�eld range(seeinsetof Fig. 1(b)). The½¦ and½T

show different effects of deformationat higher mag-
netic �elds, when ! c¿ > 1. In suchmagnetic�elds
the effect of uniaxial deformationon ½T decreasedas
B wasincreasedand½T appearedalmostindependent
of deformationat ! c¿ À 1. Ontheotherhand,theMR
wasfoundto bedependentontheuniaxialdeformation.

The compressionsigni�cantly reducedthe trans-
verseMR, while thestretchincreasedMR (seeinsetof
Fig. 1(a)). In stretchedn-Bi �lm at 77 K andat 2.6 T
magnetic�elds thetransverseMR was¼10000.

As canbeseenfrom Fig. 1(a,b) thepeculiaritiesof
calculatedn e½i magnetic�eld dependencesat 300K
as comparedto thoseat 77 K are pushedto higher
magnetic�eld range in proportion to (! c¿)¡ 1. At
300 K andat weakmagnetic�elds ½¦ (P)=½¦ (P0) ¼
½T (P)=½T (P0) ¼ 8. It should be noted that the
transitionof electronsbetweenL 1-valley andL 2- and
L 3-valleysat300K andatdeformation§ " xx = 0.25%
in facthasnot �nished. Therefore,thein�uence of the
uniaxial deformationon ½¦ and½T canbe noticeably
less.

Fig. 2. Magnetic�eld dependencesof quantityn e½i for polycrys-
talline Bi andn-Bi �lms at 77 K: (a) transverseresistivity ½T and
(b) perpendicularresistivity ½¦ . Calculations:for Bi �lm (solid
curves) and for n-Bi �lm (short dashedcurves); for compressed
(curves1), undeformed(curves2), andstretched(curves3) �lms.
Experimentalresults: for 1.5 ¹ m thick Bi �lm at § " xx ¼ 0.25%
(down-trianglesfor compressed,circles for undeformed,andup-

trianglesfor stretched).

3.2.MR in deformedpureBi �lms

Figure2 shows thecalculatedmagnetic�eld depen-
dencesof thene½T andne½¦ in uniaxialdeformedand
undeformedpureBi andn-Bi �lms. As canbe seen
from Fig. 2(a,b), in deformedBi �lm the dependence
of calculated½¦ and½T on magnetic�eld is qualita-
tively similar to thatin n-Bi. However, T-holesreduce
thedeformationeffect in ½¦ and½T . Theholescausea
strongdecreaseof uniaxialdeformationeffect in uniax-
ially compressedBi �lms. The ratio ½¦ (P)=½¦ (0) ¼
3 at 77 K and zero magnetic�eld. For comparison,
in n-Bi one �nds ½¦ (P)=½¦ (0) ¼ 14. However, in
strainedBi andn-Bi �lms ½¦ (0)=½¦ (S) ¼ 1.6.
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The strongdecreaseof ½¦ , ½T of compressed�lm
couldbeexplainedby differencein anisotropy of con-
ductivity causedby electronsandholes.TheFermisur-
faceof T-holes is an ellipsoid of revolution with its
major axis along the trigonal axis. The holes in the
�lm planehave isotropicmass. In the �lm planethe
isotropicconductivity dueto T-holesstronglyreduces
the anisotropy of the total conductivity determined
by L-electrons. Particularly the T-holesstrongly re-
ducethedeformationeffect in compressed�lms when
the conductivity is causedby crystallites with high
anisotropicconductivity.

Thelargechangesin transverse½T andperpendicu-
lar ½¦ resistivity wereobtainedin magnetic�elds when
both electronsandholessatisfy the condition ! c¿ ¸
1. This is alsocausedby a differencein mobility and
anisotropy of electronandholemobility. On theother
hand,theconductivity causedby T-holesin planeper-
pendicularto �lm planeis anisotropic.The holesare
responsiblefor thetransverseMR and½¦ (B )=½¦ (B0)
dependenceon the uniaxial deformationin magnetic
�eld region,where! c¿ > 1.

4. Experiment

Bismuththin polycrystalline�lms werepreparedby
thermalvacuumevaporationonto Corning7059glass
substrates.Thedepositionof 99.999%pureBi wasper-
formedusinga Mo boatat a pressureof 10¡ 6 torr and
an evaporationrate of » 1.5 nm=s. The distancebe-
tweentheBi sourceandthesubstratewasabout10cm.
The �lms wereplatedat substratetemperature390K.
The �lm thicknessd variedfrom 0.3 to 1.5 ¹ m. The
annealingprocesswas performedin vacuumat crit-
ical temperatureTA near the �lm melting tempera-
ture [10,11]. At this temperaturesmall molten crys-
tallites createfavourableconditionsfor the growth of
largercrystalliteshaving a higherquality andmoreor-
deredcrystallinestructure.Thesizeof thecrystallites
rangedfrom 50 to 200¹ m. In this way obtained�lms
hadhigh-qualitycrystallinestructureandlargeMR. At
77 K and2.6 T magnetic�eld they exhibited MR up
to 14000%.Thesevaluesarecomparableto theMR of
thickersingle-crystal�lms fabricatedby electrodeposi-
tion ontoa Si (100) waferwith thin Au underlayer[7]
andalsoof epitaxialBi �lms grown by MBE [9].

Sample�lms wereshapedin a form of 2 mm wide
strips. Thin Ag �lms at the endsof the strips,which
weredepositedonto the Bi �lm usingsuitablemasks,
served as electricalcontacts. Finally, Cu leadswere
attachedto Ag contactareasby meansof Ag based

conductingepoxy. The experimentalarrangementin
deformationinvestigationswassimilar to that usedin
Ref. [6]. The deformation§ " xx in thin Bi �lms was
createdwith the help of external force § F appliedto
the systemconsistingof thin �lm andglasssubstrate
plate. The mechanicalparametersof the systemal-
lowedusto evaluatethedeformation§ " xx = § ¢ l=l0,
where¢ l is thechangein the�lm lengthl0. The§ " xx

wascalculatedassumingthatthetensionin thesystem
is elastic:

§ " xx = §
6F l

Y bd2 ; (2)

wherel is the distancebetweenthe centreof the thin
�lm elementand a point wherethe force § F is ap-
plied, b andd arethe glassplatewidth andthickness,
Y is themodulusof elasticity(Young's modulus).The
errorin deformationmeasurementwasup to 10%.The
homogeneousdeformationover the �lm surface and
thicknesswasachieved by choosingsuitable�lm and
glassplatedimensions.Measurementsof perpendicu-
lar and transverseresistivity wereperformedat 77 K
in dc magnetic�elds up to 2.6 T. The experimental
valuesof ½¦ and ½T were calculatedfrom the mea-
suredvaluesof theBi �lm sheetresistanceRs(B ), �lm
overall dimensions,andconcentrationof chargecarri-
ers. Thedeformation" xx ¼ 0.25%correspondsto the
completeelectronrepopulationin Bi �lm crystallites
and,therefore,the knowledgeof precisevaluesof the
deformationis unimportant.The typical experimental
½ = f (§ " xx ) curvesexhibited saturationat § " xx ¼
0.2%.

5. Resultsand discussion

Theexperimentaldependencesof thetransverseand
perpendicularmagnetoresistanceson magnetic �eld
strengthfor theundeformed,stretched,andcompressed
1.5¹ m thick undopedpolycrystallineBi �lms is shown
in Fig. 2. As seenfrom experimentalresultsin Fig. 2, a
largeeffect of uniaxialdeformationon theresisistivity
is observed. It shouldnotedthatthemeasuredeffectof
uniaxial deformationon resisistivity and deformation
inducedanisotropy of theelectricalconductivity in an-
nealedatcritical temperaturesBi �lms is overtentimes
larger thanthat in unannealedpolycrystallineBi �lms
at crystallitesizefrom 200to 400nm.

As seenfrom Fig. 2, a qualitative agreementbe-
tweenthe calculatedandexperimentalmagnetic�eld
dependencesof deformedandundeformedBi �lm re-
sistivities is obtained.However, thecalculationsshow
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strongerdeformationeffect. The differencebetween
calculatedandexperimental½¦ n e and½T n e values
dependson the deformationtype. At zero magnetic
�eld the experimentalratios are ½i (P)=½i (0) ¼ 2.1
and½i (0)=½i (S) ¼ 1.5 (the calculatedonesare3 and
1.6, respectively). A good�t betweenthe experimen-
tal andcalculatedvaluesof resistivity is obtainedfor
stretched�lms. However, thediscrepancy obtainedfor
compressed�lms could not be explainedby the mea-
surementerror.

The compressedBi �lm partly consistedof the mi-
crocrystalliteswith highanisotropy of theelectronmo-
bility, therefore,the in�uence of the isotropic extra
scatteringon deformationeffect can be large. The
isotropicgrainboundaryscatteringin suitablyannealed
Bi �lms is weak.However, isotropicextra carrierscat-
teringfrom �lm surfaceor imperfectionswhich reduce
the anisotropy of electricalconductivity and MR can
comeinto play [9]. In Ref. [10] it wasfound that an
increaseof the�lm thicknessd from 0.3 to 1.5 ¹ m in-
creasesthevalueof MR by up to 80%. At d < 1 ¹ m,
theMR versusd dependencesaresublinearandtendto
saturationat d > 1 ¹ m. This propertywasexplained
assumingthatat 77 K the�nite-size effectsareimpor-
tant in carrier scatteringfrom the �lm surface,since
they in�uence carriermobility andMR. The decrease
of MR in 0.3 ¹ m �lm was noticeablydependenton
magnetic�eld B . In a perpendiculargeometrythecy-
clotronorbitsof thefreechargecarriersarein the�lm
plane. In contrast,in the transversegeometrythe cy-
clotronorbits becomeperpendicularto the �lm plane.
Therefore,thesurfacescatteringcannoticeablyreduce
thetransverseMR. As canbeseenfrom Fig. 2, thedif-
ferencein the experimentaland calculatedvaluesof
transverseresistivity for undeformed1.5 ¹ m �lm at
! c¿ > 1 is not small.

Another factor that reducesBi �lm anisotropy and
deformationeffect canbe the abovementioneddisori-
entationof C1 and C2 axis of crystallitesin the �lm
planewith respectto the direction of uniaxial defor-
mation. On theotherhand,theanisotropy of theelec-
tron scatteringanddeformationeffect canbe slightly
reducedby presenceof small anglesbetweencrystal-
lite C3 axis and the �lm surface normal. However,
thebetterthenexpectedagreementbetweentheexper-
imental and calculationlets us to supposethat these
factorswill reducethedeformationeffectonly slightly.
Alternatively, themaximalexperimentalmagnitudeof
½(P)=½(P0) for n-Bi alsocouldbereducedby anextra
carrierscattering.Therefore,theratio ½¦ (P)=½¦ (P =
0) couldbeashighas11.

6. Conclusions

Our investigationsshow thatlargeuniaxialdeforma-
tion effect in high-qualitypolycrystallineBi andn-Bi
�lms is theresultof topologicalalterationsof theFermi
surfacewhich re�ects theenergy bandstructureof mi-
crocrystallitesandtheintervalley repopulationof elec-
tronsbetweenhighanisotropicL-valleys. Thecalcula-
tionssuggestthattheuniaxialdeformationeffectcanbe
very large in dopedn-typeBi �lms, whereanisotropy
of �lm conductivity is determinedby concentrationand
mobility of L -electrons.The resultspresentedin this
papercon�rm our earlier explanationsof the origin
of deformationeffects in Bi polycrystalline�lms [5]
and indicatenew directionsfor further investigations.
High-quality Bi �lms can be preparedusing various
non-crystallinesubstratesand,therefore,may be suit-
ablein avarietyof industrialandpracticalapplications,
e.g. in the developmentof high-sensitivity magnetic
�eld anddeformationsensors.
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KRYPTINGAI DEFORMUOT �U PLON �U POLIKRIST ALINI �U n-Bi SLUOKSNI �U SKERSIN �E
MAGNETOVAR�A

R. Tolutis

Puslaidininki�u �zikosinstitutas,Vilnius, Lietuva

Santrauka

Didelis polikristalini �u Bi sluoksni�u mechaninisatsparumas,
unikalioselektrin�essavyb�esir pigi j �u gamybostechnologijalemia
pla�cias j �u panaudojimoperspektyvas. Deformuot�u Bi polikrista-
lini �u sluoksni�u skersin�e (magnetinislaukassluoksnioplokštumoje
statmenassrovei) ir statmena(laukasstatmenassluoksnioplokštu-
mai ir srovei) savitoji var�a ½ir magnetovar�a MR buvo tirtosnau-
dojantišpl�etot�a teorin�i polikristaliniosluoksniomodel�i. Jamebuvo
atsi�velgta�i kryptingosdeformacijossukelt �a elektron�u persiskirs-
tym �a tarpL sl�eni �u. PolikristalinisBi sluoksnisturi izotropin�i lai-
dum�a. Buvo parodyta,kadkryptingai deformuotopolikristalinioBi
sluoksniokristalituosetur�et �u būti stebimaskirtingodyd�io, ta�ciau
tospa�cioskryptieslaidumoanizotropija.Tai lemiair sluoksnioani-
zotropij �a. Sluoksn�i tempiantjo plokštumoje,pagrindin�e laidumo
anizotropijosašissutampasu deformacijoskryptimi, o j�i suspau-
dus– statmenadeformacijai.Skai�ciavimai parod�e, kadsuspaudus
polikristalin�i n-Bi sluoksn�i yra stebimasdidelis skersin�es ir stat-
menosvar�os pokytis. Sluoksn�i tempiantmagnetovar�os pokytis
yra daugma�esnisir turi priešing�a �enkl �a nei spaud�iant. Ypa-
tingai didelis iki 1400%magnetovar�os pokytis stebimassuspau-
dusn-Bi sluoksn�i 77 K temperat̄uroje. Deformuotamepolikrista-
liniame Bi sluoksnyje stebimaskirtinga skersin�es ir statmenos½

priklausomyb�e nuo magnetiniolauko. Stipriuosemagnetiniuose
laukuoseskersin�e ½nepriklausonuodeformacijos,o deformacijos
poveikis statmenai½nepriklausonuomagnetiniolauko. Panašios,
tik silpnesn�es ½priklausomyb�es išlieka ir esant300 K, tik pasi-
slenka�i didesni�u magnetini�u lauk �u srit�i. Poveik�i ½ma�ina ma�es-
nis elektron�u persiskirstymastarpL sl�eni �u. ŠvariameBi puslaidi-
ninkiniamesluoksnyje T skyl �es,tur�edamostrigonalin�eje plokštu-
mojeizotropin�i judr�i, �ymiai suma�inaL elektron�u lemt�asluoksnio
laidumoanizotropij�a,o tuopa�ciu ir deformacijospoveik�i.

Eksperimentetirta kryptingai deformuot�u 0,3–1,5¹ m storiopo-
likristalini �u Bi sluoksni�u skersin�e ir statmenavar�a. Sluoksniai
buvo gautivakuuminiogarinimobūdu,v�eliaujuosiškaitinantkrizi-
n�ejetemperat̄uroje,artimojesluoksniotirpimo temperat̄urai. Toki �u
sluoksni�u kristalit �u skersmuogali siekti kelis šimtusmikron �u. Di-
del�emagnetovar�a (esant77K ir 2,6T siekianti14000%)rodoger�a
toki �u sluoksni�u kokyb�e. Sluoksniaibuvo kryptingai deformuojami
iki 0,25%, kada77 K temperat̄uroje elektronaituri visiškai per-
siskirstyti tarp L sl�eni �u. Matavim �u rezultataipatvirtinaprielaid�a,
kad kryptingai deformuojantpolikristalin�i Bi sluoksn�i jo skersin�e
ir statmenavar�a kinta d�el elektron�u persiskirstymotarpanizotro-
pini �u L sl�eni �u.


