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ABSTRACT

bThe electron and hole&focusing.effects in a magnefic field
‘predicted by Pippard have been observed in bismuth. Two intér—'
locking superconducting combs were evaporated onto the surface.
of a bismuth single crystal. The resistance R(H) between.thé
combs was measurgd with a superconducting Voltmeter as a func-
tion of thefmagnetic field H applied pafallel to thé teeth of
the combs. A local minimum in the resistance was observed

when the magnetic field focused electrons or holes in extremal
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- orbits between the teeth of differént coﬁbs. A similar
effect was observed when the combs were replaced by two
parallel superconducting strips. In this case, the dependence
bof R(H) on:H waé in good qualitative agreement with the calcu-
lation of Gongalves da Silva on a model whose Fermi surfaéé
was topolbgigaily equivaient to that of.bismuth. From the

. values of H at whiéh tﬁe minima occurred, we have deduced
estimates for Dxe and DZe,.the diameters of the prinéipal
elgctron ellipsoid alqng the binary and trigonal axes. We
find D__ = (0.94 * 0.03) x 1072 &1 and D, = (1.35 £ 0.04)

x 1072 A_l}’ These values lie somewhat below other values in
the literature. This discrepancy may océﬁr because each
minimum in R(H) occurs at a field,slightly.Beloﬁ‘Ho,where H
‘,iS'the field.for-which the diametervof the extrémal electron
frajeétory is equal toithe sépération of the supgrconducting

strips.
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1. INTRQDUCIIONv
In,gﬁ appendix to a pape; by HawkinsizPippardl proposed'a_neﬁ

type of focusiﬁg:experiment_in metals. In this article, we feport the
first observation of the focusing effect, in bigmuthr The e#perimental
reéults are used to eétiméte,two diametgrs of-the_Fgrmi éu;face;

.Pippard'éﬂpropoéed geometryl.is shown.in Fig. 1. The specimen is
a single crystal bf nqrmal‘metalvwith a long mean free'path 2. Super;
conducting strips are_evapqréted onto a planeﬁSurface of‘the‘specimen;
alternate strips are éonnected to forp two:interlocking'combs. The
separation of the_midpoints of adjacent strips isid'(< ). The resis-
tancé R(H),between the COmbs is_meésured at constantvcurrent.as a
function of a uniform.magnetiq field H applied pafallél tonﬁhe teeth qf‘
:_the'COmbsg ‘If_tﬁg.Fermivsurface of the_métﬁl_is a‘sphere, tﬁe-electfon_'
ygrajéctories in real space_will be circular hélicés With‘diameters
inversely proportional to the magnetic field. At the magnetic fileld
Ho er which ﬁhe diameter of the extremal eleéfrop t;ajectory in real -
_space is'equal to d, R(H)'is'expected‘to-have_a local minimum R(Ho). vIn:
,vgeneral,ilocal minima are gxpectéd at H = Ho/(Zn—l), where n = 1,2,3 ces .
For npn—sphefical Fermi surféces, we still exﬁecﬁ local minima wheﬁ ;ﬁe
}ektremal diameter (the;digmeter of the extremal trajectory) cf.thé
real-space orbit is equél to (2n-1)d. The trajectories in real space
.projected'ontovthe plane perpéndicuiar té ﬁ have the saﬁe shape as those
in k-space, but are scaled b& a factor of hc/eH and ro;ated.through n/2

- ' ) : N
about H. The primary (n=1) focusing condition in k~-gspace is
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D= eH d/he, ' ' ’ (1)
extremal _
whe;e D is the/diameter of the Fermi surface 1n the direction perpendicu-
lér to the specimen surface. For a complex Fermi surface cbnsisting of
ééverai sheets, we expect a minimum co?responding‘td the extremal diameter
of ‘each shéet.' |
‘ 'Gongalves da Silva2 has calculated tﬁe resistance R(H) between two
" superconducting strips on fhe sample surface;. In his modél,'he assumes
zero temperature, that the current distribuﬁion across the strips is
uniform;,and that all éurface scattéring is'diffuse.'.He also assumes
. there 1s a fesiétiVe layeg'of'infinitesimal thickness'bn the surface of
the crystal, between the metal and the superconducting strips. This
‘qrucial assumption allows the potential ;o-vary.along the surface of
;the crystal from one Side to the other of eéch supéfcqnducting‘strip;_
Gongai§eé da Silva calculates R(H) for the two limits % > d,and &< d, and for
several models of the Fermi surfaée. In particular, for.£.> d he
considers a compensatéd Fefmi surface consisting of one hole éphere'éndv
‘three equal electron sphéres: this model is topolbgicaily'eqﬁivalent
to théfFerﬁi surface of bismuth.v He finds a minimum corresponding to-
thé'diameter of the electron spheres. Hdwever,'the minimum occurs at’
a field H < H_. The ratio Hm/Ho depends on w/d, wherévw is the wid£h
of the superconducting strips, and approaches 1 as w/d tends to zero.
‘Thére is no minimum corresponding to the larger diameter of the hole
_sphefe, but a shoulder associated with this diameter aépears in R(H)
as w/d tends to zero.

This experiment is related to other size effect experiments, such
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as cyeiotron resooance eutfoff,3‘the radio—frequeney'size;effecr,4 and -
the magnetoéacoustie effecr.5 These techniques also measure iineer
dimensions of the Fermi surface by relating the shape of an orbit

in real space to the shape in k-space. .However, our focusing experiment

extremal ' extremal
determine&ﬁlameters whereas ' the other experiments measure/calipers.:

extremal
(An/caliper is the separation of the two parallel planes between which
the extremal cross section of the Ferﬁi surface just fits.)
In section 2, we:describe rhe experimental procedures, and in
section 3,:we briefly review the Fermi surface.of.bismuth. We present .

tHe_results_in section 4, and an analysis of the results in sectionrs.

Section 6 contains. a summary, and suggestions for further work.

2. EXPERIMENTAL METHODS
2.1 Choice of Materials

Bismuth was chosen because of the small diameters of itS.electron and
hole Fermi surfaces.v Orbits that satiafy the criterion w f%ﬁl (w is the
‘cyclotron frequency and T the relaxation time)-can bevobtained in fieldsv
of only a few.G. The use of such low fieide éreatly reduced transient_
Curreots generated in the detection circuit by vibra;@on of5theksample in

the magnetic field. Bismuth is easy to grow in single crystals and has a well-

characterized Fermi eurface.‘ Tin was used for the superconducting

serips because of its relatively low solubility in bismuth compared
with-lead end indium. | |
 v2.2 >Sample\Preparation:
The starting‘materiai was 99.9999% bismuth obtained from Consolrdeted

Mining and Smelting Company of Canada, Limited. We melted the bismuth
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in a.vertical vacuum furnace, and poured it through a narrow tube to
remove oxide and drosé, which adhered to the walls of the tﬁbe. From
this matefial, we.grew single crystals.in . soot-coated Pyrex crucibles
by cooiing from.the‘melt in the temperature gradient at the end of a
‘horizontal furnace. We oriented the crystais uéing a.reflécted 1éser
beam and Laue back scattering of X-rays.

We cut parallelésided slabs a few millimeters thick from the
crystals, using a Sefvomet sparklcutter. The faces of each slab were
‘perpendicular to a éélected crystallographic axis to within # 1°. The

/

“residual resistivity ratio R of the specimené after cutting

300k’ R4, 2x
was typically 400. One face of each slab was éhemically polished.

We painted two insulating strips onto this surface, to ilnsulate the
~two superconducting connecting strips (one coﬁnecting‘the teeth of

each comB)'ffom the Bismuﬁh. We e#posed the crystal to an argon élow
discharge in an evaporator té remove ﬁost of the.surface céntaminafion,
pumped out ﬁhe argon, and evaporated the tin teeth of the combs through
a mask onto the cleaned surface. The mask consisfed of ten slits

(5 per comb) 50um wide and 100um apart cut into a copper foil using a

photolithographic technique.‘ For each comb, the ends of the teeth

nearer the edge of the crystal overlapped one of the insulating strips.

These énds were subsequently connected together by tin cross-strips
evaporatéd through masks onto the insulating layers.

For some of tﬁe samples, we evaporated only é single tooth fof
each comb. In this case, the teeth were typically 10um wide. In
preparihg one of the earlier specimens (3fl), we cleaved thé’slab froﬁ

the bismuth crystal, quickly painted on the insulating‘layer, and

-



“7- - . LBL-2567

evapérated the tin without further cléaning. This method appéafed to

produce sufficiently clean surfaces. However, the cleaving apparently

a introduced damage near the surface that significantly reduced the mean

- free path, and this méthod was not used subsequently.

 '2}3’ Appérétﬁs_

The résistancé R(H) of.eachvsample, typically IOFSQ,IwaS déte;mined
using a null—balancing technique. - A sﬁpetddnductiﬁg galvanom_e'fe;:6 (SLUG)
in series with a knOwﬂ tesisténce RS was connected across the two combs.
The output from the galvanometer was amplified, and the amplified &oltage

fed via a large fesistance into RS to maintain‘zero‘current:in the

galvanometer. A constant current, typically ImA per pair of teeth,

was passed between the:two combs, and the appropriate ﬁull—bélancing
éurrent established'in RS. ‘The magnetic field H was slowly swept{'aﬁdv
the change in thexfeedback current, Which.was‘proportiéﬁal to

AR(H) = R(H) - R(O), plétted Vs'H on an X-Y recorder. The resolution |

was approximately lO—9 . When the field was changed, there was a very

.laige iﬁduced voltage in the measuring circuit. The field was therefore

'changed in small steps, and the transient currents allowed to decay

before each datum point was recorded.

Thebspecimen,.galvanometer, RS, ané field éolenoid wéré'immersed 
ié liquid helium. The temperature of the_bath waé regulated using a
bridge circuit designed by Roéhlin.7 'Electricél contact to the super—

conducting cross strips on the ‘sample was made with strips of lead

- pressed down lightly with springs. The teeth were aligned with the

magnetic field to within * 2°, The galvanometer was situated about

20 cm from the sample, and enclosed in a superconducting box. The
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ambient field was reduced to a few mG by surrounding the cryostat with
two concentric mu-metal cylinders. The superconducting solenoid used

to generate the magnetic- field was calibrated to an accuracy of * 2%.

We attempted to measure the derivative dR(H)/dH by superimposing
a -small low freqﬁency alternating current-on the soléndid‘current, and
measuring thg amplitude/of the altermnating current fed.back into RS.A‘
‘Unfortunately, the inductivé signal in the voltméter leads was several
orders of magnitude larger than the éignal developéd across the samplé.
~ Qur efforts to reduce this spurious signal to a manageable level By

- means of a bucking coil were not successful.

3. THE FERMI SURFACE OF BISMUTH
Bismuth is a grbup V semimetal with a rhombohedral lattice'that is -

.oﬁiy siightly distorted from simpie cubiq;.b The crystallo-v
graphic axes are a right-hand triad in which the trigbnal (z) axis
is the_axis of 3-fold symmetry, the binary (x) axis is one of three
“axes of 2-fold symmetry, and the bisectrix (y) axis ié.perpendicular fo
the’x— and z-axes. The semimetallic naturefof bismuth arises from the
small overlap in energy hetween the fifth aﬁd sixth Brillouin zones,
which results in.a small number of electrons (~ 10'-S per atom) and an
Eqﬁal number of holes.

| The Ferﬁi surface of bismuth has been extensively investigated
- both expefimentally and theoretitally,8 and its parameters are very
weli knqwn" The eléctron' Fermi surface consists of thfee highly

elongated prolate éllipsoids. The non-parabolic energy-momentum
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Here, m is the free electron.mass, aij is a component of thé electron

inverse effective méssvtensor, Ee is the electron Fermi energy measured

from the bottom of the_ddndﬁéfionxbéﬁd, and Eg’is the energy gap.

‘Eliipsoids II and III are obtaiﬁéduby rotations of 27/3 about the

trigonal axis. The cross term in ky aﬁd_kz arisés bedause the principal
axes of the ellipsoids are tilted Qith respectvtO’the crystaildgraphic
axes by aﬁ angle of apprbkimately-6°‘about the binéry axis.

Thg Fermi.surface of the holes is a prolate ellipsdid of revolution

described by the parabolic dispersion relation8
w20 vth 120020 e 12 : P
Eh“— (h./ZmO)IBl(kx+ky) + B3kz], .: _ (3)

Here, Bi is a component of the hole inverse effective mass tensor, .

and E. is the Fermi energy for the holes measured from the top of the

h

‘valence band.

Figure 2 is a schematic view (not to scale) along the trigdnal'A

axls in the extended zone scheme.

4. RESULTS
We ‘obtained data froﬁ six specimens, for three different,qrystal
orientationé,'and for configurations with five teeth per_coﬁb and a-

single tooth per comb. The variation of R(H) with H for represéntative
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samples is shown in Figs. 3-7. Each plot exhibits at least one minimﬁm
6r shoulder in R(H), é@rresponding to a Ferml surface extremal’diameterf
The results are thereque inrqualitative’agreement With Pippard's pre-
dictiqns.1 In each case, the minimum’iﬁ R(H) is superimposéd on a
backg;gﬁnd iésis;aﬁge that increases with H: ﬁhis rise is.due to the
magnetoresistancé of the bismuth. Par;icularly in Figs. 3 and 4, the
minimum at H and the rising-baqurouﬁd combine to produce -a pronounced
maximum near Hm/2, | |
For an ellipsoid, the extremal diameter and the diameter are the samem

'-in.any direction. The important experimentalvparameters and the values of

Dxe and Dzé deduced from the data are summarized in Table I. The diameters of

an electron ellipsoid along its principal axes are referred to as

D Dze,’aﬁd D The diameters of an electron ellipsoid along the

3e’

crystallographic axes are Dxe’ Dye’ and Dze‘ where Dle = Dxe' Ihe

le’

diameters of the hole ellipsoid of revolution ére Dlh; D2h’ and D3h’
wheré Dlh = D2h'
‘4.1 Trigonal Plane
The tin strips'were evapofated onto the trigonal (x - y)
_plane; and the magnetic field was also in the Frigonal plane. The
v diameﬁérs measured are_,Dze for all three electron ellipsoias, and
th for the hole eilipéoid, regardless of the direction of the field

;elative to the x and y axes. D3h is roughly seven fimes Dze’

We obtained data from two samples, 3-1 and 3-2, each having two
interlocking combs ofvfive teeth (see Table I). “The surface of sample
3-1 vaé‘produced by cleaving. Fof‘both samples, R(H) exhibited a

ninimum corresponding to Dze" R(H) vs H for 3-2 is shown in Fig. 3.

Hm is the field at which the minimum occurs. For comparison, we have
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'-calculated'Hé from the magneto-acoustic atteﬁtuatioﬁ work of -

Korblyuk’lo'using Eq. (1) (see section 5.2). :Theré.is soﬁé'évi—
déhce of points df infiectioﬁ nearva/3 and Hm/S, corresponding
to'electrdn focusing Between'mofe'distént teeth of the two combs. For
sample 3-2, H was swépf up tO'IOOG,bu£ no structureucorreépondingvto

D ~was observed.

| :.4.2:-BinaryiP1ane

'The tin strips were evaporated onto the binary (y-z) plane, and .

- the magnetic field was applied in the y-z plane. We see from Fig. 2 that -

there are three diétith diamefers'aldng the x—axis,' In order of in- "

creasing size and regardless of the orientation of the field in the y-2z

- plane, the threé diameters measured are: the diameter of ellipSoid.I,‘

le

D, ; the diameter of ellipsoids II and III (along-ﬁhé:x-axis)j,and the
diameter of ‘the hole ellipsoid, D | |

1h* '
We obtained data for three samples (see Table I). Specimen 2-1

~ had the comb,configUration, while 2-2 was made from 2¥l‘by scribing -
through all.the teeth on each comb except one. R(H) for theSe Samples
isxshown in Figs. 4 and 5. Each curve exhibits a minimum ét Hm cotfequnding-
-1:0_1_)xe but no structure corfespoﬁdipg to the two. larger diamete;s. Agaiﬂ,

for comparison, we have indicated‘the.6alﬁés of H__; (corresponding to

Dxe)’ Hoe2 (corrésponding to the diameter of ellipsoids II.aﬁd_III), and

10
1h)'

calculated from Korolyuk's data;
In'sampie 2-3, there wés a single tooth on eadhvcomb. Théﬁtwq

teeth were of uneqdal widthvbeing feépectiﬁely éu and 4u. R(H) for

this specimen appears in Fig. 6. In édditibn to the minimum.éo?fesponding

to Dxe? there is a_sﬁdulder associated Qith the diameter of ellipsoids

IT and III,
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" R(H) was an even;functipn of H for all sambles except 2-3., For

this saﬁple, R(H) was asymmetric with respett to the direction of H, as
indicated in'Fig. 6. However, R(H) was symmetric in H if the polarity'
of the specimen current I was reversed when H was reversed. R(H) waé.
unaffetted by doublingithe value of I, indicating that the asymmetry in
R(H) was not due tbvthe'self—field of the current. The asymmetry was
" in fact a résult of the different strip widths, whicﬁ prodgged éﬁ asym—
ﬁetric'curreﬁt distribution. Consider the current distribution>along
an_axis,y'that lies bn thé trystal»surface and intersects the two teeth
_at right angles,' The origin is midway between the teeth. If the current

distribution is uniform'across eath strip and the strip widths are
"equal, the current distribution is an 6dd fﬁnction of y. When the

cﬁrrent distribution is an odd”functipnvof y, the voltage between two

pointé yo and Y, at theZSUrface is an even function of H.ll Thus, if

the stripévare.equél in width, R(H) will be even in H. waeﬁer, if
.-the‘strips are unequal in width, the syﬁmetryiin the current distribution
is lost, and in general R(H) will not be an even function ova.

4.3 Bisectrix Plane
thhe combs were evaporéted onto the bisectrix'(xhz);ﬁlane.and the

magnetic field Qas in the #—z.plane.‘ The three diameters measured,
in order of increasing size and regardless of the orientation df the v
field in the x-z plane are: the diameter of the ellipsoids 1%°2§at?f17 axis;
the diameter of the hole ellipsoid Do (= D, );!and thevdiameter_Dye of
. ellipsoid I. We obtained data for omne Specimgn, l-l,'with a single

tooth on each comb and the field parallel to the z-axis (Table I).

R(H) is shown in Fig. 7. The values of Hoel‘and Hoh'have been calculated
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from Korolyuk s data}q R(H) has no distinct minima, but exhibits two

shoulders corresponding to the diameter of ellipsoids IT and III, and
_lh'
' 4.4 Temperature Dependence

- The temperature dependences of several quantities over the range

1.4K to 3.7K for sample 3-2 are exhibited in Fig 8. Figure 8(a) shows

the temperature dependence of Hm‘ ‘Figuref 8(b) shows the temperature

- dependence of the amplitude of the minimum, defined as.the difference

between R(H ) and the maximum value of R(H) for H < H . Figure 8(c)

shows R(0) as a function of temperature.

5. ANALYSIS OF RESULTS

In this'SectiOn, we make a detalled comparison of our results with

vthe,theory of Gongalves'da‘Silua. We also compare our values of Fermi

_surface diameters_withfthose in the - literature.

5.1 Mean Free Path Effects

: Forvcircular orbits,-we expect to observe focusing effects only if

Hw'f >'1, or equivalently l/d 2 1/2. For non-circular orbits, this con—‘:.

dition may be generalized to ZTrQ,/G > 1, where‘é'» is the orbit circumference. -

It is difficult to accurately determine the mean free path of our samples

because ofvthe high degree of anisotropy of bismuth. However, Hartmanl2 in
his work ‘on the low-field galvanomagnetic coefficients has determined the

relaxation—time tensor T for the electronsvandfholes at 4.2K in bismuth

‘crystals with a residual resistivity ratio of about 400. From T he

calculates the following mean free paths along the ellipsoid axes:
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by
I

390um,’ &, = 120um, %, = 300um,

le 2e 3e

R (4)
1 = Yo = 230um, R = 110um.

©
|

.If we assume these values of.mean free oaths, we find 2/d ~.l for all
specimensvin-which the orbits were nearly circular The only specimen
for which the orbits were highly non-circular was l—1 where the tin

. strips were oriented parallel to the trigonal axis on the bisectrix v
.surface. For this specimen electrons from ellipsoids 1T and III (the

smallest diameter) had highly elongated trajectories. The ratio of

. the traJecFory length to deas about 18, and an/@ <1. ’Thus the

minimum (at Hoel in Fig. 7) was smeared out into a barely.perceptible
shoulder. | |

5.2 -The Role of w/d
' The parameter w/d plays an important role.in the theory‘of

Goncalves da Silva. He shows that in general Hm’ the value of field
at which the minimum'occurs, is less than H , the ualue of field for

~ which the diameter of the traJectory in real space is d. | Hm and

H c01ncide only in the limit w/d > 0., ~ Thus, the Fermi _'

'.sqrface diameter D must be obtained from Hmiusing Eq. (1) and the value
of thehratio Hm/Ho, which is a function of w/d; The solid curve in

Fig. 9 1is Hm/Ho versus w/d according to the model of Gongalves da Silva,
and the points are-from our experimental results. Since we measure only
Hﬁ, we have used values of h calculated from-Korolnuk's datalo to
calculate H /H . The error bars include the estimated errors in our

own measurements and in those of Korolyuk The values of Hm/Ho for
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three binary sémplés.areiindépéndent of w/d.to'within the exﬁgrimental.
er%or.. Evidently, HmYHo for these samples.dées ndt_decréase with

finéreasing w/d as predicted By the theory. I£ also appears tﬁat the
value of Hm/Ho fér the lowest value of w/d is significgntly less fhan;
unity. |

'HoweVer, éther aSpeéts éf the data'aré Qell expiaineé.bylthe

theory. .The existence of strﬁctﬁfe iﬁ'R(H)bassociatéd wiﬁﬁ férmi
surface diameters othéf than“tﬁe smallest also dépends strOng1y bn w/d

in the ﬁheoretical‘model.‘fFo; example, the strﬁcfure arising.from the
hole sphere, which has fhe largest diaﬁeter, is‘émeared’out féf-large
Hw/d. As w/d is réduCed, a shoulder associéted with thé ho1é orbits

~ appears,_ as is'seen in Fié. 3 of the following papér. Our éxpefimeﬁtal

results are consistgnf-with this result} For_the samﬁles 3-1, 3—2,

“and 2-1 with the iérger-yalueé of w/d, the only'minimﬁﬁ'iﬁ R(H) is

thatvcorrespondiﬁg to the-smallest Fermi surface diameter. For sampies,

S 1-1 éﬁd 2-3, which'have smaller values of w/d, there ié-alsd a éhoulder
associated with the second smallest diameter. The model predicts'fhe
éppeargnce of this shoulder in the range 0.10 < w/d < 0.25;’ek§érimentally

- the shoulder appears in the range 0.12 < w/d <'0.1f;i-The="”v |
‘model also predicts thét'the second shoulder-should occur ét a magnetic

"'field.appreciably less than Ho’ even for rel:ﬁively smail'vélues of w/d.
If we gauge the position of the shoulder at/point of maximum
curvature in the plot of R(H)'verSué H, we-fiﬁd from Fig., 3 of the

paper by Gongalves dé Silva.that the shoulder cqrresponding to the héle

surface occurs at about 0.88 How For sample 2-3, the shoulder corresponding

to the hole surface occurs at 0.78 Ho. 
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The model is very successful in describiﬁg the generél shape of
the structure observed experimentally. It also accounts successfully
for the appearance of additional structure as the value of w/d is
lowered. The only major failure of the model is in its prediction
of the dependence of Hm/Hb on w/d. it is not entirély clear whigh aspect
of the model is responsible for this failure. The modei assumes a
Fermi surféce ébnéisting of three electrén spheres and one hole sphere;
‘although tbpologically equiValent, the ellipsoids of the bismuth Fermi
'surféce depart considerably ffom spheres. The model also assumes that

w T > 1 whereas in our experiment.'wcr ~ 1. However, neither of these
s v i _ : : . 2T e

approximations seemsvlikely to affect the dependence of.Hm/Ho_Qn w/d
appreciably..
| A more Serioﬁé diffiéulty concerns the manner iﬁ which #he'curreﬁt
enters and- leaves thgvbismuth surface.. First, the model assumes that
bthe current flows qniformly along the supefconduéting strips, and is
injected uniformly into the sample. 1In practice; the current flowé
preferentially along the edges of the SUpércohddcting strips;13 andvis
injgctéd non—unifbrmly into the bismuth. This non-uniform cufreﬁt
distfibution could well produceraﬁ experiﬁental dependence of Hm/Ho on
w/d thét differsvsignificantlyrffom that predicted by the model. Second,
bthe model requires a thinvresistive 1a§er on the surface of the crystal.
 This layer allows the potential to var§ along the surface of the crystal.
under the superconducting strips.. In our samples, the resistance of this
layer‘Was rather small. For example, the measured resistance of
- sample 3-2 was only 30% above the value we estimated assuming zero

surface,resistaﬁce. We know from subsidiary experiments that the argon
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gioﬁ discharée wes_fairly effective in removing the surface oxiderlayer"
from the bismuth‘samble, although'the bombardﬁent of the surface- |
undoubtedly introduced éome:laﬁtice disorder;. It seems:iikely that the
resistiveilayer was not eqfficienfly thick to allow the poﬁential to
va}y‘across_the surfaee under the.supefcondueting»strips as demended by
the model. vRathef, the potential was'brobably almost consfanff

It seems most likely that either the non-uniform current ihjection:
or the lack of a resistive surface layer isnrespensible for the obsefeed'
leek of dependeﬁce of Hﬁ/Ho.on‘w/d., The current injection coqld
presumably be made ﬁniforﬁ By evapbratiﬁg an inSulating‘layer,end then
a-éuperconduCting>ground plane over the combs. The requiremept of a_
.reéistiVe surface layer is more difficult to meet. If a high resistance
is.introduced, it will be much more difficult to observe tﬁe‘reéistaﬁce
.minima,_whose amplitude will'be unchaﬁgea.‘ It may therefore'always'beﬁ
difficult‘to obtein accurate Fermi surfacevdata from samplee with
»higﬁv w/d.

v5.3 V?emperature Dependence

vThe teﬁperature deéeﬂdences_ ofiseveral quentigies for'samﬁie 352
éppear in Fig. 8. The value of‘Hm"is independent of temperature aslwe
expeet; since Hm depends onlf on‘the_Eermi surface diameter, The amplif‘
tude of the minimum is also independent ef temperature. Thie result is
also“expected: the amplitude depends on the bulk resietivity.of the:
bisﬁuth,ﬁhich is impurity- and-defect—limited and is ;herefere‘indepepdent
4of temperature in'this temperéture range. | | |

Figure 8(c) showe,that\R(O) increases rapidly as the temperatefe‘

is increased towards the tin transition temperature, TC.‘vThis behavior
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~ is similar to thaﬁ observed by Pippérd, Shepherd, and Tindall14 in their

work on the temperature dependence of the resistance of the superconductor-

normal metal interface. At temperatures well below Tc’ the energies of

almost all quasiparticles incident on the interface from the normal

metal lie below the superconducting energy gap, A(T). These quasiparticles

~ suffer Andreev15 reflection. In this process, a quasiparticle above

(below) the Fermi level 1s scattered  into one below (above) with the .

same enefgy. At the same time, a palr is created in the supercbnductor.

‘Consequently, the normal current in the bismuth is converted into a

supercurrent in the tin at the interface. As the temperature is increased,

the quasiparticle energies rise, and A(T) falls. Quasiparticles with

energlies greater than A(T) héve a non-zero probability of being transmitted

into the tin, where they’constitutea”dissipative quasiparticle current.

' This current decays in a characteristic timel6 T, over a characteristic

Q
/3)1/2, assuming that the mean free path in the

AQ SVFTQ
tin, QS’ is much less than A

Q" The diséipation is manifested as

additional resistance. As the temperature increases, more quasipafticles

penetrate into the superconductor, and the resistance inCreasgs.'

As the temperature is raised towards Tc,_the position and amplitude

‘of the minimum remain fixed, although R(0) increases dramatically,
-dempnstrating'that the minimum arises ffom a bulk effect rather than

- from a surface effect.

5.4 Substructure

With the tin strips in the comb configuration, one expects to

observe additional minima in R(H) at Hm/3, Hm/S, etc., arising from

focusing between more distant teeth of the two combs. Specimen 3-2 was
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the‘on1y sample for which,tﬁese minima were observed. /Thé ﬁipi@a near"v
Hm/3 and Hm/S are muéh smaller in.ampl%tude than the minimum*af Hm,
. sihce W T was rather less_thanbﬁnity_for these relatively iéngftrajeétories.
The minima do not occur at exactly Hm/3 or H /5, for reasons that are
not élear in the absenée'of anyfdetailed theory_for this cbnfiguration.-
5.5 Comparison With Other Ferml Surface Data

Tablé‘I summarizes the values of D#e and Dze deduced frqm pur qafaf-
In ;hevgbsence of-ény reliable 1nformatibn on thg exact vélue of Hm/HO’_
we have simply assumed that Hm = Ho;_and D = eHmd/hc. I;,is cieér from
Fig. 9 that thgre'ig*no evidence for a dependence of Hm/Ho.on'w/d; as
'expected from the theoretical ﬁodel. We also observe that Hm_lies
- somewhat below Koroiyuk's:valuél¥or Ho' ‘We therefore éxpect w,6ur'
diémeters to be somewhat smaller than those quoted in the literature.
It is likely that_our vaiues should be systematically.incréased to:
acgount for aiscrepahcies arising from the rather large vaiues of Q/d
used in ﬁany of our samples. This possible systematic error has not
'beén included in our error estimafes. The quoted errors include our
estimated errors in the.magﬁetic calibration (a.systgmatic érror),ithe-
stfip sepa;ation, the crystal alignment, and the deterﬁination of Hm
' ffpm R(H),versus H. The avgrage_valuéé‘of the diametérs are Dxé'é
= (0.94 * 0.03) x 1072 AL and bze = (1.35 * 0.04) X 19’2. AL
| | The électroﬂic struéture of bismuth has been extensiveiy Sﬁudigd;
However, one must exercise caré in the calculation of diametgrs from
‘certain types of Fermi surface measureﬁentS.aé’there is stillvuhcértainty
in some»of the band structure parame;ers. For.examplé, Dfesselhaﬁs¥7 |

has pointed out that the value of Eg = 0.015 eV obtained_by Brown, .
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Mavroides, and Lax18°has been widely accepte&, althbugh a more recent
measurement by Maltz andDressélhaus19 yields Eg = 0.011 eV.” One should
pfeferably estimate diamé;ers from results of other size effect measure-
ments or from de Haas-van Alphen experimentg, which do not require a
knowledge of the band structure for the calculation (as is the case for
cyclotroﬁ resqnénce, for.éxample).

| in Tgble II, we co@pare our diameters Dxé and DZe with.those'obtéined
V»from dther size effect experiments and from'the Véry-careful and
complete de Haas-van Alphen work of Bhérgavé.zo Althoﬁgh inversioh'_v
-theoréms_exiSt fér éalculating diameters ffom fhe ektremal cross-—
sectionél"areas obtaihed from a de Haas-van Alphen experiment,ZI’22 we-
" have not used them since the Fefmi éurface'is.knqwn to be made'uﬁ of

" ellipsoids. We have calculatéd diameters from Bhargava's results20

géing the result for an ellipsoid:

AA\1/2 '
D. = 2 (273 | (5)

L A

- and analogous expressions for D2 and'DB. D, is a'diameter_along a

i

. principal axis of the ellipsdid; and A, is the area of the extremal

i

section normal to that axis. For gdmparison with our results, the diameters

along the crystallographic axes were calculated using the expressions

X 1’
and v _
' -2 2 -2 2 .-1/2 '
Dz (D3 cos et + D.° sin et) . . (6)

2
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'inere, etlis the;angle.of tilt'of the ellipsoid along‘the binary'aXis,
about 6°. Our diameters‘lie cOnsistently‘below those of other workers,‘”
although the agreement is generally Just within the experlmental errors.

As explained above, it is likely that our diameters should be systematically
increased, probably by a few percent, to account for the:fact that H.v

may lie below H . However, a detailed study of the dependence of H /H

on w/d would be necessary in order to estimate such a correction

| ' 6. SUMMARY ‘

'we have observed local minima in the . ~ resistance between tWo_..
'SupercondnCting combs orZSuperconducting Strips.on the snrface of a
bismnth'crystal as a functioniof magnetic field. Thevminima'arise from
:the’focusing of electromns or holes. This observation confirmsvthe |
prediction of ?ippard;l | |
| The experimental_resnlts.using one pair ofdguperconducting strips
are 1in good qualitative agreement with seyeral of the predictions of
the-model of-GoncalveS da Silva;2 The general shapes of the obseryed
R(H) versus H curves are verv similar to those of_the model. ‘In par-
tiCular, R(H) exhibits a minimum corresponding to the smallest.extremal.
Fermi surface diameter for a variety.of values of w/d. As w/d_is
reduced-in value, R(H) develops a shoulder corresponding to the second.
smallest diameter. However, as w/d‘is increased from zero,‘the_observed'
' :yalue of Hm/Ho does not decrease from unity.as predicted‘by-the_mOdel;

It is likely that this discrepancy_arises from one of two differences
between the.model andithe experiment:. First, thevmodel assumes a

uniform current flow along the superconducting strips, whereas in our
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experimént, theAcurréﬁt dénsity was undoubtedly higher near the edges of

’the strips. Second, the model assumed a resistive layer between the
strips'and'the crystal, whereés in our expériment the strips were in
félatively good electrical contact with the crystal. The first difficulty
could prpﬁéﬁly be overcome experimentaily witﬁ the use of a»sgperconducting
ground plane (thch might, however, distoft_the maénetic field somewhat).

The second difficulty should be tackled both experimentally and theoretically.
Iﬁ would be of some interest to calculate R(H) using a model in which

the potentiallat ;hé surface is held constant acroés the superconducting
liétrips. |

| We have estiﬁated:Values for.thevdiameters.'Dxe and Dze of the _
priﬁdipal eléctron eliipsoid, and find D__ = (0.94 * 0.03) x 1072 A-l- 
and Dze.=‘(1'35‘i'0'04) X_IO-Z A“l. These Qalués'lie sbﬁewhat below
those in the iiteféﬁure, but are just within'tﬁe combined experimental’
errors. It is likely that.this d{screpancy arises because Hm/HO is
somewhat less than unity, whereas we have assumed Hm =H_. |

(o}

This technique has the potential of being a useful one for the
extremal . ' '
accurate determination of/Fermi surface diameters. It would clearly
be necessary to'resolvé the discrepancy between experiment and theory in
the dependence of Hm/HO on w/d...It would probably be advantageous to
use values of w/d of about 10-2. It would be helpful to measure dR(H)/dH:
The derivative would probably'réveél structure in R(H) that we were unable

to observe and enable the positions of the minima to be more accurately

located.r Finally, 1t wouid be MOsﬁ interesting to look for the focusing

effect in a metal, for example copper.
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Table 1

.of Experimental Results

LBL-2567

w/d and d have been averaged where applicable.

Specimen Orientation Pairs of w/d® a2 Hm ‘ Dia%et%r
‘ Teeth (um) (1074A7%)
\ (@)
3-1 trigonal 5 0.56 981 9.05£.36 D_ =1.35:.06
3-2 trigonal 5 0.54 99+1 8.95t.14 D_ =1.35:.04
2-1 binary 5. 0.54 101*2  6.00£.07 D__=0.92£.03
22 binary 1 0.17 '295¢3  2.17£.07 D __=0.97£:04
2-3 binary. 1 0.035 171#3  3.55¢.07 D__=0.92£.03
1-1 bisectrix 1 0,12 206+3 - -
a
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Table II |

Comparison of Diameters

‘Investigator ‘ Method _' Diameter (lO_ZA—l)
’ ' ' D_ D
xe - Tze
| Bhargava?o ' de ' Haas-van Alphén 2 o l;OSt}04' 1.39%.05
Korolyuklo mégnetq—acoﬁsticveffgét ' 1,04i;04 '.1.45i.Q6
Reneker23 ' * magneto-acoustic effect 1.02+.05 1.48%.07
24

Khaikin and Edelman” cylotfon—resonance cut-off 1.02+.03 =~ ' -

25

Herrmann et al. rf size effect 1.03:.02 - -

Present work focusing - o 0.94%.03 1.35+.04
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Figure Captions

Fng 1. Expéfimentai-geomegry: (a) Plan view. (b) Side view, éhowingl
electfon‘;rajeCtofies for three valgeé pf @agﬁéfic field H. |

Fig. 2.. Schematic view (not to écale) aloﬁg the,;—axis of the Fermi
surface of bismuth-in;fhé'exténdea zone égheﬁé;

Fig1;3. k(H) versus H_fqr-gamplg 3f2, a

‘ fig} 4. R(H) versus H for éémple,Zfl.

Fig. 5. ‘R(H) versus H f6r éaﬁplévZQZ.ﬁ

Fig. 6. R(H) versué H for saﬁﬁle 2;3:";hé directioﬁ oé H is ?eversed in

| the uéper figﬁre rélafi?e to the &irectionvin the.i6we£ figure..

The‘insert in the 16wéf'figure is ekpéﬁded plot Aear Hm.

F1g5’7: R(Hj Véréué;H for sample 1-1.

Fig. 8. Témpegapurg dgpen@gnge ?f (a) ‘H_, (P).amplitude qfvminimum,vapd
(c) R(O) for sample'3—2. o | |

Eig._9; iEgpérim;nfél (data points) and,thebretical (curye) dependeqceﬁ SR
of ﬂﬁ/H; on w/d. Thevaluesﬁo for the experimental poiﬁ;s have‘ﬁeen

calculated from the work of Korolyuk.]-'0



-30- . : LBL-2567

(a)
B T
A 7 . <—|— Bi CRYSTAL
7 /R
27707707k -
g é ¢ 2 9 | SUPERgEmDUCTlNC
77777 77 T 7 e

| | | - TEETH OF COMB
o s -
| | ®H |
. .«—}—Bi CRYSTAL

ELECTRON
TRAJECTORIES

XBL738-1727

Fig.. 1



=31 o LBL-25€7

'h HOLES . .

. XBL738-1724

 Fig.2



R(H) (ga)

o
660} : ' -
TRIGONAL PLANE .,
w/d =056 :
—1.03
6.55—
6.50 E o2
| g ©)
H&\/4 1 . {
| "W /3 =
645 _.*J; M @
e —101
.o"
6.401 et
R .
e
) . o
- R
635 T
o Hm Ho |
0 2 0

104

H (G)

Fig. 3

XBL 73i-5673

-

L9SZ~19T



R(H) (un)

”5 — - S ‘ ! o . ..o.
 BINARY PLANE ;
: w/d =054 V O ] ||5
IIO'_' .ot Hoh |
o | o3
. . '..'.' (0l
105+ “ .....o E .
. . ..THoez 3 - o
100 e
o o L
. ...n.... ...0° ,
L o’ —1.00
h ._ ....,..........'0.‘
- 9.5 | Mot 'THO-"'
. L L L L
0 5 I 15 20

XBL 736-6254

-gg~

- L9S7-191T



=34
— T — .04
4551 ‘BINARY PLANE .
- W/d=0|7 °
.’ . —1.03
. [ ]
450 . .
.. . g
. [ H .m
445 . oh
o ~1.0l
o’ THer
440%3. e .00
oo.o......}.o ‘
H Hoel
i} Hoe 1 ]
o) -2 4 6 - 8
' H (G)

R '(,ufrl)

LBL-2567

XBL738-1719 .



(pn)

R(H)

c =35~

LBL-2567
T 1 — l SR
BINARY PLANE .
49 w/d = 0.035 - 41.04
H NEGATIVE 1 e
\ ) ": HOh
48}
T —1.02
‘ Hoe2 o
.47:....000.... ... 7 I.OO
5 8
H T
| | Hm? T oel_ o
a6l 1 S | +— ' =
— 1 | LN T
H POSITIVE - e x
! IVE &
- HORIZONTAL x2Y; s |
43— VERTICAL 2 2,.- <" FHon .04
—472 .o'o - '. . ° T . g
'-..' (TN .o"'Hoelf '.. . |
el P, 1) . . ¢
-470_"1“" . S
o H
' 48— m . tHer —1.02
4??;'.. l“.’..‘..._.°n‘ : ( o
—1.00 .
r‘ HmT Hoel : |
46 1 | ' : L :
0 2 4 6 8 0 LS
~ H (G) B -
XBL738-1722
Fip. 6



LBL-2567

~36-

0221-8¢2 18X

001k

SO

(0)d/(H) ¥

Ol

|
L
° .
I
24.—_

_moI«_. _

°s®®

Glip=

2’0 = p/Mm
ANVId X14103Sid

0o¢

a2¢

A9}
)
(vr) y

ve

Ge

[ i

1



LBL-2567

=37~

| [ P11 ! L 1 ! | _ _
]|||||.f ||||||||| .I lllll N —_——— — e —— —— —— ——
1 ﬁ.
.. -

C 3 Cl
A LR ! PO I ERR I B _
N O ©® O <& @M o © < o (@) ® NI At
- = v o O o - o . ,
(9) WH (Urf) NiNy- XVRy o (vr) (0Y

. Tc(Sﬂ) q
XBL738- 172l

T (K)
Figf 8




-38-

LBL=-2567

- Fig. 9

A
os S
0.8 —

. O

I

S

:ﬁE ,

0.7 o ]
& TRIGONAL SAMPLES
® BINARY SAMPLES
06~  ——GONGALVES DA SILVA'S THEORY —
0.5 1 L1 | 1 |
-0 ol 02 03 04 05 06
| w/d |

XBL738-1723



AN

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their. employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




ta

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



