
I'8 YS ICAI REVIEW VOI. UME its, NUMBER 8

de Haas-van Alphen Effect in n-Type BisTef
15 gOQEMBKR 1968

R. B. MAI.r.INSON mu J. A. Rmxx
Cernegie-%dion Uni ersity, I'ittsblrgh, Eennsylvuniu 25Z13

R. W. Uaz, Ja.
8'estingholse Research Laboratories, I'Atsburgh, I'ennsylvanie 15Z35

(Received 5 June 196gl

The de Haas-van Alphen (dHvA) effect has been measured in n-type Si2Te3 with carrier concentrations
ranging from 9&10"to 2.4&10'9 cm 3. Below 5&10' cm 3 the conduction-hand minima can be 6tted to a
six-ellipsoid model, the parameters of which dHFer considerably from those inferred from magnetoresistance
experiments. The carrier density computed from the volume of the ellipsoids agrees well with that obtained
from the limiting high-6eld Hall coefBcient at 4.2'K. At higher concentrations there is a large discrepancy
between the two estimates of carrier density. The presence of a low-mobility high-mass band, lying 30 meV
above the ellipsoidal minima, is postulated to explain the difference. The existence of this second band or of
an anisotropic relaxation time are possible explanations of the discrepancy between the ellipsoidal parameters
deduced from the dHvA and transport measurements.

I. DTTRODUCTION

lSMUTH telluride (Bi~Tes) is a semiconducting
compound with a simple rhombohedral structure,

which can be made either n or p type. Several review
articles discussing its properties are available. ' ' Prior
information on the nature of the conduction band of
this compound has been inferred from magnetoresist-
ance and Faraday rotation' experiments, assuming an
isotropic relaxation time for electron scattering. From
the analysis of these data, it has been concluded that
the conduction band is multivallied with six ellip-
soldRl minima.

In this paper, we report the results of extensive
measurements of the de Haas-van Alphen (dHvA)
CGect, obtained by the torque-balance method, ' on
samples of R-type BI2Tc3 hav1ng R wldc 1Rngc of CR1I'1cl

concentrations. Preliminary data have been published
previously. ' ' These experiments show that at carrier
concentrations of less than 5& j.o"cm ~ the conduction
band can be described by the six-valley ellipsoid model.
However, the shape and orientation of the ellipsoids
are considerably different from those derived from
magnetoresistance measurements The carrier density
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computed from the volume of the ellipsoids agrees well
with that obtained from the limiting high-Geld Hall
coeKcient at 4.2'K. At higher carrier concentrations,
the carrier density computed from the ellipsoids is
much lower than tha, t obtained from the Hall data. It is
concluded that the reason for this discrepancy is the
existence of a low-mobility high-mass conduction band
lying 30 meV above the ellipsoidal minima.

From the theory of the dHvA effect, ' it is known that
for a degenerate assembly of electrons the free energy
I and the torque C= —8F/88 are oscillatory functions
of the inverse magnetic 6eM (1/H). The fundamental
frequency of these oscillations, f(1/H), is related to an
extremal area of the Fermi surface by

,= (2s%h) f(1/H). (1)

It is readily demonstrated that the expression for the
oscillatory component of torque involves the factor
dA/d8, which vanishes for anisotropic surfaces when
the field is along symmetry directions. Thus, measure-
ments of the dHvA effect by this method are not
possible close to certain sample orientations. In the
present instance, the technique is nevertheless very
useful for measuring the very low frequencies expected
from the conduction band of e-type Bi2Te3.

The equation for the amplitude of the dHvA oscilla-
tion in torque contains the temperature factor x/sinhx,
where x=2rrss2'/P H and P*=eh/m*c is the effective
double Bohr magneton. Thus, the CGective mass m*,
defined by the usual relation me = hs/2s (dA,„i/dE), can
be obtained by measuring the temperature dependence
of these oscillations. For x))1, the factor x/sinhx
reduces to xe and m* can be determined from the
slope of a plot of ln(C/T) versus T at 6xed field. How-
ever, in many of our measurements the condition x&&1 is
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Fro. 1. (a) Schematic representation of rhombohedral unit cell
for BiqTee showing the binary, bisectrix, and trigonal axis Ox,
Oy, and Oz; (b) arrangement of atoms within unit cell.

not satisfied. In this case, the temperature dependence
of the torque can be expressed in the form

4s sQ—ln 1—exp —
~

+const. (2)
p'a &

This equation can be solved iteratively, since the second
term on the right side is small compared to the 6rst.

B. Band Structure

Bi2Tc3 has a simple rhombohedral structure, corre-
sponding to the space group 83m, with one molecule

per unit primitive cell. The atoms are arranged in
layers with only one kind (Bi or Te) of atom in each
layer, as shown schematically in Fig. 1. The bonding
between the atoms on the two adjacent Te layers

LTe(2)$ is weaker than that between the other atoms
in the crystal and is responsible for the pronounced
cleavage of the crystal. The rhombohedral lattice

parameter e and the rhombohedral angle 0, are listed
in Table I. These constants have been extrapolated to
O'K using the expansion data of Francombe. '

The symmetry elements of the 83m space group
are (a) one threefold rotation axis, (b) three reflection
planes containing the threefold axis and making 120'
angles with each other, {c)three twofold rotation axes
perpendicular to the threefold axis and lying midway
between the reflection planes, and (d) a center of
inversion. The basis vectors for the rhombohedral unit
cell lie in the reQection planes. In subsequent discus-
sion, it will be convenient to use two coordinate systems.
The erst is a Cartesian system with the 2 or 3 axis along
the threefold rotation axis, the x or 1 axis {the binary
direction) along a twofold rotation axis, and the y or 2
axis (the bisectrix direction) in a reflection plane. 'e

The second system is a hexagonal coordinate system
with the 1, 2, and 3 axes along the twofold axes and the
4 axis along the threefold rotation axis. In this system
the binary directions are (2110) and the bisectrix direc-
tions are (1010).

Figure 2 shows the relevant Brillouin zone, which is
bounded by (1011),{1102),and (0001}faces, together
with the symmetry points labeled according to the
notatIon of Kostcr. It Is to bc noted thRt the assuIQcd

positive direction of the bisectrix shown in Fig. 2 is
opposite to that given by Drabble. ' Table I gives the
principal dimensions of the Brillouin zone computed
from thc extI'apolatcd vRlucs of a and a. The zone is
similar to that in bismuth, which is also rhombohedral,
but is very much more distorted because of the large
unit-ceQ dimension along the trigonal direction.

Drabble and Wolfe" have listed a number of types of
electron constant-energy surfaces consistent with the
crystal symmetry, the most general being a l2-e}lip-
soldal-valley Inodel In which onc vRllcy may hRvc an
arbitrary position and arbitrary orientation in k space.
However, Drabble, Groves, and Wolfe' were able to
6t their magnetoresistance data with a more restricted
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ALE I. Crystallographic data for SigTe3.

Magnitude

Symbol Magnitude (units of b) Definition Biseetrix

10.418 A
24'l2'40"
1.6731 A-j
61'30'3/"

169.11 A'

0.8366 A-'

0.8556 A-j

0.3108 A-~

7'6'50"
1400I50/I

1.0000

0.5000
0.5114
0.1858

Rhombohedral vector at O'K
Rhombohedral angle at 0 K
Reciprocal-lattice vector
Rhombohedral angle for

reciprocal lattice-
Unit-cell volume

q(100) spacing
q(110) spacmg
$(11,1}spacing
Angle between FA and 1 P
Angle between I"D and I' F

FIG. 2. Brillouin zone for Bi~Tee showing location of symmetry
points. The scale of the drawing has been exaggerated along FZ
for the purpose of clarity.
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n J. R. Drabble and R. Wolfe, Proc. Phys. Soc. (London)
869, 1101 (1956).
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Applied Field (kG)

FxG, 3. Typical dHvA data obtained for I-type Si~Te~ rvith
m~=6.2)&10" cm '. The suspension is nominally along the
trigonal axis and the 6eld is directed close to the binary axis.

model, viz. , six ellipsoids-centered on the reRection
planes and having one axis perpendicular to the reRec-
tion plane. The three axes of the representative elhpsoid
have arbitrary length and the ellipsoid may be tilted.
so that none of its axes are parallel to the trigonal axis
of the crystal.

The band structure of Si2Te3 has been calculated by
Pincherle and Lee'3 using the augmented plane-wave
(APW) method. These calculations do not give an
energy gap without the introduction of spin-orbit
coupling, which of course must be important, since
both bismuth and tellurium have high atomic numbers.
In this work, the introduction of spin-orbit effects by
an approximate perturbation technique produces a
direct gap between the conduction and valence bands,
with the minimum in the conduction band at the points
D of the Brillouin zone. Thus the model predicts the
conduction band used by DGK,» except for the fact
that there are only three minima instead of six. There
are, however, relatively large uncertainties of about
0.5 eV in the calculated bands and hence it is entirely
possible that the minima could in fact occur near D,
giving rise to R conduction band with six valleys. " It
is of interest that the magnetoresistance data cannot
distinguish between a three- or six-vRBey model, but
only the latter is consistent with Faraday-rotation data. '

III. EXPEMMENT

dHvA measurements on samples of n-type Bi2Tea
have been made at Qelds up to 29 kG, using an auto-
matic-recording torque balance. " To improve the
signal-to-noise ratio, it is convenient, to use an inte-
grating operational amplifier followed by a passive

18 P M Lee and L. PIncherle Proc. Phys. Soc. (London} 81
461 (1963)."'Footnote added ie proof. Recent pseudopotential calculations
by F. Borghese and E.Donato LNuovo Cimento $3$, 283 (1968)7
con6rm this assignment.

.~4J. H. london and J. A. Marcus, Phys. Rev. 134, A446
(1964).

EC differentiating device in the recording circuit. These
circuits are quite conventional Rnd do not merit de-
tailed description. For suspensions other than that
along the trigonal axis, there is a large static component
of torque. To eliminate its effect, R differential-input
operational Rmpli6el. is included in the feedback circuit.
This ampliaer combines the signal resulting from the
susceptibility of the sample with an opposing signal
proportional to the square of the applied Geld. By
sultRble choice of the magnitude of this bucking signal
the effects of the static torque can be eliminated over
the field range used in the experiments. A typical re-
cording trace for a trigonal axis suspension of a sample
with carrier concentration e~——6,2&10's cm 3 is shown
ln Flg. 3.

The samples are spark-cut from ingots of n-type
Bi2Te~ grown by a horizontal loaded-zone technique
from 99.999% pure starting materiaL BisTes grown
from a stoichiometric melt is p type with a hole concen-
tration of about 2&10I9 cm '. It can be made e type
by doping with an e-type dopant such as iodine or by
introducing excess tellurium into the crystal by growing
from a melt containing more than 62.7 at.% of this
constituent. " In the erst case, the samples are com-
pensated and the mobility at He temperatures is much
lower than in samples prepared by the second tech-
nique. "'~ Since samples with high carrier mobility are
required in order to observe the dHvA eGect, all samples
have been grown from melts containing excess Te and
no impurity doping. Electron Hall mobilities as high
as 180 000 urn /V sec can be obtained in samples pre-
pared by this technique. "

To determine the carrier density, the Hall coeS.cients
have been measured at high magnetic 6elds on speci-
mens cut from the ingot adjacent to each dHvA sample.
There are two Hall coefEcients for crystals having the
symmetry 83m, viz. , p~23 and paj2. These coefEcients
are obtained with the magnetic field perpendicular and
parallel to, the cleavage plane, respectively, and the
sample current parallel to the cleavage plane and
perpendicular to the magnetic 6eld. The carrier density
is related to the Hall coefficient by

where r is a factor that depends on the energy depend-
ence of the carrier scattering and the degree of de-
generacy, and 8;;~ depends on the anisotropy of the
band structure and relaxation time. In many semi-
conductors r and 8;;~ are close to unity, even at low
fields. However, DG% 6nd a value of 8~23——0.326,
which, for our purposes is very di6'erent from unity.
For magnetic 6elds large enough that co~&&j., where ao

'~ C. S. Satterthwaite and R. W. Ure, Jr., Phys. Rev. Ms,
1164 (f957).

'~ R. %. Ure, Jr., in Proceedings of the International Conference
os sho Physscs of Sotoscondlctors, Zsccsor (The Institute of Physics
and The Physical Society, London, 1962), p. 659."B.Yates, J. Electron. Control 6, 26 (1959).
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TABLE DI. Comparison of components of;; of inverse effective-Inass
tensor obtamed from magaetoresistance Rnd dHvA data,

2.0
I

E

j 1D

MR
dHvA (low tt)
dHvA (high tt)'

4.35
4.27

5.4
6.86
7.13

8.9
1.53
I.83

ellipsoid which is located in the y-s plane must be of
the form

aitkts+nsskss+nsekes+2eettkske= 2tloEt /ttt't (4)

a Computed for m v~ =0.102 w o obtained from sample with egg ~3.7 g ioi
em g.

20l2 I6

Applied Field . (kG }

Fro. 4. Typical Hall data for e-type BigTeg shoveling the varia-
tion of pIga and pgI2 vnth 6eld at both nitrogen and helium tem-
peratures. The carrier concentration obtained from the limiting
high-field Hall constant at 4.2'K is 3.7X10's cm '.

is the relevant cyclotron frequency and v is thc carrier
relaxation time, these parameters become r= BI~3
=BSI2——1. Therefore, carrier concentrations have been
calculated from Ha, ll coeKcicnts measured at 4.2'K
and 28 ko. In all cases, the condition ~v&&I is amply
satished under these conditions. Data for a low-carrier-
conccntration sample are shovrn in Fig. 4, which clearly
illustrates the equality of the saturation Hall coefh-
cients. At higher carrier densities, the coeKcients still
exhibit saturation but the limiting values di6cr by as
much as 15% because of unavoidable specimen
inhomogeneity.

Figure 5 shows the dHvA frequency f(1/H) as a
function of the magnetic-Geld direction for a sample v&1th

e~——3.7&0.1&10"cm ', the suspension being along the
trigonal axis L00011.The data exhibit sixfold synnnetry,
characterlstlc of clthcr R thlcc- 01 six"valley coQductloQ

band. Figures 6 and 7 show the variation of f(1/H) with
Geld direction for suspension of the sample along a,

binary and a bisectrix axis, respectively.
From Fig. 5, it is evident that the minimum extremal

area for each valley occurs vuth the GcM lying in a
mirror plane. Thus the equation of the representative

where 0,;; are the components of thc inverse CGective-

mass tensor and Ep is the Fermi energy. The corre-
spoQding tilt Rnglc of thc ellipsoid ls glvcQ by thc
CXPl'CSSlOQ

tan2e= —2nss/(tres —neo) .

It is easily shown from Kq. (1) that the dHvA frequency
arising from this ellipsoid, for a Geld along the direction
SPccified by tllc direction cosillcs (Xi,Xs,ks), ls

1/f = (cIs/celpEt;) L(tr„u, s
—cress)Xts+n„treehes

+~ti~ss~s' —2~it~os)t@ e]'" (6)

Corresponding equations are readily derived for the
other ellipsoids from the requirements of crystal
SyTQIIlCtry.

A computer program has been developed to Gt the
experimental data to these equations, allowing for
orientation errors of the suspension axis (and hence the
field rotation plane) relative to the principal axes of the
crystal. This program is a multivariate least-squares
RQRlysls ln the parRmctcls o.II, 0,22, e33, 0.23, Rnd those
specifying the misorientation of the suspension axis.
The full curves in Figs. 5-7 are the Gnal results of this
analysis. It is clear that the Gt to the data is vrithin

TABLE Il. Comparison of latIos ag/a2p obtained from
IDRgnetoI'eslstance Rnd dHvA data.

Expt.

MR
dHvA goer I)
dHvA I',high g,)

0.0N
7.94
8.2j.

Ratio
0.33/a 22

6.135
I.57
I.67

0'23/2$

0.222'
0.352
0.428

Tilt
angle
(«g)

+14b
25.4
26.0

& There is an apparent misprint in the value of aug in Table III of Ref 5.
b The sign of the tilt angle is not determined in the magnetoresistance

experiments.

[of io j
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Fiettt Direction Retottve to [tteo] (degreeet

60

Pro. 5. Variation of f(f/H) as a function of 6eld direction «r a
sample of ~-type Si&Te3 ~ith eII ——3./X 1018 cm 3 suspended along
the trigonal axis. The full curves are a theoretical fit to the data
using a six-ellipsoid model.
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Flu. 6. Variation of f(1/P) as a function of Geld direction for
a sample of e-type BiqTeg with g~=3.7X10'8 cm 3 suspended
along the binary axis. The full curves are a theoretical fit to the
data using a six-elllpsold Inodel.

expeximental error, so that to this accuracy the hypoth-
esis of ellipsoidal valley minima appears to be correct.
The resulting ratios of 0.;;relative to 0,22 are summarized
in Table II, together with those computed by DG%
from their magnetoresistance data. There is clearly
marked disagreement between the two sets of param-
eteIs, as can be seen from Fig. 8, which shows a
schematic representation of the ellipsoids for each
model. In both cases the ellipsoids are almost sphexoidal,
with tw'o of the axes being nearly equal and the other
considerably smaller. The magnetorcsistancc data
lDdicRtc thRt thc ellipsoids RI'c COInpI'csscd lD R dlx'ec-

tion almost parallel to the bisectrix, while the present
data indicate a compression almost parallel to the
binax'y axis. There is also a disagreement in the magni-
tude ot the tilt angle, the value obtained from this
work being 25.4' compared to I4' obtained from thc
transport measurements. ID this connection it is to be
noted that thc latter do not determine the sign. of thc
tilt angle in contrast to the dHvA data, which show that
the sense of the tilt is as shown in Fig. 8(b).

The absolute values of the constants 0,;; can be
determined by measuring thc cQcctivc mass fox' R givcD
cxtl'clnal ol'bit. Oll thc prlllclpal clllpsold. Fl'0111 Eq. (6)

it is easily seen that, for the field along (XI,Xs,Xs), the
cfkctivc mass is given by

SIS = IIIol (&ssrrss —@so )"I +«I&as) P+rrII&ss)ls
—2«I~so)~s&s& '" (7)

This expression can then be solved for the value of o.22

using thc px'cvlously„determined x'Rtlo8 of 0,;; to 0.22.
Fol thc L0001j sllspcllsloll, cffcctlvc Blasscs ]lave hccn
determined for the 6eld directed both along the binary
and bisectrix directions. The resulting experimental
values of CGective mass are consistent with Eq. (6) and
give the components of n,; shown in Table III. A1.so
bsted are the corresponding values obtained from com-
blDlng thc dRtR of DG% with thc infrared FRlRdRy-
rotation data of Austin'; there is, of course, the dis-
agreement mentioned previously. It is of interest,
however, that the average CAective mass derived from
the optical measurements, viz. ,

III,*=IIsoL~II(«s~ss —«s') 1 '",
gives a value of m, ~=0.12mp, which is reasonably
close to the 6gure m, ~=0.101mp obtained from dHvA
data.

Thc CRrrlcr conccntl Rtlon corresponding to, thc
ellipsoidal con.duction minima is given by

III= (S/37rs) LA IA sA I/s'$1 Is,

where A1, A2, and A3 Rrc the principal extremal areas
of each ellipsoid and s is the D~ber of valley minima.
If s is assumed to be six, then thc data for this sample
give eg=3.7+0.05&10'8 cm ', which agrees with the
value of nII=3 7+0 1&&101s cm' Thus the dHvA data
are consistent only with a six-ellipsoid model, which in
the context of the theoretical calculations of Pincherle
RQd Lcc Jmplles that thc mlnlma ln the condu. ctloQ
band are located near the points D in the Brillouin zone.

TAmE LV. Crossing frequencies for m-type Si2Te3 as a function
of g~, the carrier density computed from Hall data. The axis of
suspension is the trigonal axis L0001), while the magnetic Geld
directions are the bisectrix L1010& and binary [ 2HO& directions.

+II
(1018 cxQ

—
3)

0.90~0.05
1.9 ~0.1
3.7 &0.1
6.2 ~0.3
8.2 ~0.5

12 ~10
16 ~1.0
24 ~1.5

f0/&) (10' 0)
[ 1010$ L21$0$

0.79 0.50
1.38 0.90
2.50 1.55
3.20 2.10
3.20 2.10
3.50 2.30
3.93 2.58
4.15 2.65

Ratio
XPO&olOK~I01

1,58
1.54
1.61
1.52
1.52
1.52
1.52
1.56

- &0 -60 "50 0 50 60
Field Dlrectlan Relative ta f000]j {degrees)

Flu. LVariation of f('1/B') as a furiction of Geld direction for a
sample of g-type Si~Teg with I~~3.7+10'8 cm ~ suspended along
the bisectrix axis. The full curves are a theoretical 6t to the data
using a Slx-elllpsold xnodeL
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FIG. 8. Schematic representation of ellipsoid model 6tted to
(a) magnetoresistance data and (b) dHvA measurements. The
location of the ellipsoids in the mirror planes has no signi6cance.

piete data obtained for a sample with n~ ——1.2+0.1&10'9
cm ', together with thc curves giving the best analytical
6t to R six-clllpsold model. Except for' tIlc suspension
along a binary axis, the agreement between the model
and the experimental data is within the estimated
error's. Thc dlscl'cpRrlcy bctwccn thc data points and
the theoretical curves shown in Fig. 10 is presumably
duc to R slight DoncBipsoldal shRpc of thc CODstRDt-

energy surfaces at this high carrier concentration. The
ratios of the coeScients a;,/n„are given in Table II,
which shows that they do not vary appreciably with
carrier density and hence that the assumption of a
rigid ellipsoidal conduction band is approximately
correct. For higher carrier concentrations, where it is
di6icult to obtain complete dlvA data, this assumption
has been used to infer n g from the data for a trigonal
axis of suspension only. It is believed that the error
resulting from this assumption is small, since the
carrier concentration computed in this way for the
specimen with n&=1.2&10" cm ' divers by only a
few percent from that computed directly from the

It is noteworthy that the analysis of the optical data'
gives s=5.1, which also strongly suggests a six-valley
model consistent with the requirements of crystal
symmetry.

The dHvA CGect in n-type Si2TC3 has been measured

up to a maximum carrier density of m~=2.4)&10"
cm '. The observed oscillation frequencies for two
magnetic-field directions, with a trigonal axis suspen
sion, are shown in Table IV. The fa,ct that the ratio of
the frequencies in the two directions is independent of
carrier concentration indicates that the ellipsoid shape
is independent of carrier concentration over the range
from 9)&10'~ to 2.4&10"cm '. Figures 9—11 show com-

f
[oooo ]I— [ io To] [ooo T]

I 1 I I I I

—90 "60 "50 0 50 60 90
Field Direction Relative to [ioToj (degrees)

FIG. 10. Variation of f(1/H) as a function of fieM direction for
a sample of I-type Bi2Te3 with n~=1.2X10'9 cm ' suspended
along the binary axis. The full curves are a theoretical fit to the
data using a six-ellipsoid model.

Vl

Ql
foal0
X

f f

I ~z~o j j lioo j [a)To ]
l I I I

—20 0 20 40

Field Direction Relative to [iIOO] (degrees)

[ioto ]
t

60

Fxo.-9. Variation of f(1/H} as a function of 6eld direction for a
sample of I-type Bi2Tee with e~ —-1.2&(10"cm=' suspended along
the trigonal axis. The full curves are a theoretical 6t to the data
using a six-ellipsoid model.

measured principal areas, as can be seen from Fig.
12.

The variation of e~ and e~, computed from the
dHvA and Hall data, respectively, is shown in Fig. 12.
Note that the scales on the ordinate and abscissa are
diGercnt and that the solid linc represents the relation
eg=n~. Up to about m~=5&(10's cm ' the carrier
concentrations determined by the two measurements
agree quite well, but. beyond this value there is an
increasing diBerencc between the two dcnsitics. Thus
for the sample with e~= 1.2&0.1&10"cm ', the corre-
sponding value of e~ is 6.3&0.5&10" cm ' The
uncertainty in the former figure results from sample
inhomogeneity, whQC in the latter 6gure it represents
the uncertainty arising from the nonellipsoidal shape
of the conduction-band minima. Clearly the disagree-
ment is weO outside thc combined error Emits.
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It 18 bcllcvcd that 'tllc I'casoI1 fol' this dlsagl'ccIIIcllt 18

the existence of a high-mass low-mobility band lying
slightly higher in energy than the ellipsoidal minima
discussed above. At higher carrier concentrations, elec-
trons begin to 611 this heavy-mass band, so that the
Fermi energy increases more slowly as a function of N~
and the rate of increase in eg is correspondingly reduced.
The mobility of this second group of carriers must, of
course, be low enough that they do not give an observ-
able dHvA signal at the Gclds used in these experiments
but sufBciently large that they do contribute signi6-
cantly to the Ineasured Hall voltage. The dashed line
in Fig. 12 is a 6t of the data to an assumed parabolic
second band starting at the point X, and lying 30
mcV above the ellipsoidal valleys. This 6t gives an
average CGective mass of m~= j..5 mo for the second
group of carriers, assuming that they are contained
in a single valley and that the high-field Hall coeKcient
gives a correct value for the total carrier concentra-
tion. '~'

From the present data, it is not possible to determine
whether thc second group of carriers is contained within
a separate band or another local minimum of that con-
taining thc erst gl oup. Exls ting CRlculRtlons of thc
band structure are not suKciently precise to give any
information on this point. The existence of a higher
conduction band has been proposed to explain various
features of previous measurements of transport prop-
erties Bl 312Tc3. However) wc believe thRt thc
present work gives the erst strong evidence for the
presence of this second conduction band.

There are two reasons why the dHvA and magneto-
resistance measurements give widely diferent param-
eters for the shape of the ellipsoids: (a) The samples
used by DG%' had a carrier concentration of about
1X10".(DGW give Hall-coefficient data at 77'K and
at low magnetic 6eld. This value of n was calculated
by noting from Fig. 4 that the high-6eld 4.2'K Hall
coefficient is roughly equal to the average of the two
low-6eld Hall coefficients at "//'K. ) Thus there will be
carriers in the upper conduction band in their samples
and these carriers will affect the magnetoresistance
measurements. (b) The magnetoresistance is deter-
mined both by the anisotropy of the constant energy
surfaces and by the anisotropy of the relaxation time v.
In order to analyze their data, DG%' assumed that r
was isotropic. Since the dHvA data are not Rejected by
any anisotropy in v, there will be a difference between
the magnetoresistance and the dHvA results if r is
anisotropic. Transport measurements on low-carrier-
concentration samples are being made to eliminate
effect of (a) and to evaluate the anisotropy of r

"' tooeaoIe added ~e proof. Owing to their large effective mass,
these carriers mould have a large temperature factor and hence
would give a negligible dHvA effect at the fields used in these
experiments.

~e p. p. @railer, proc. Phys. Soc. (London) 76, 113 (1960).
» P. Drath and G. Landwehr, Phys. Letters 24A, S04 (196/).
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pro. 11.variation of f(1/Z) as a function of Geld direction for
a sample of g-type pi~Tee with a~=i.2&10» cm ' suspended
along the bisectrix axis. The full curves are a theoretical fit to the
data using a six-e1lipsoid model.

Goldsmid~ has measured the magnetoresistance at
77'K in a sample of carrier concentration about 6&10".
He 6nds that the shape of the ellipsoids deduced from
these data varies with carrier concentration. However,
this CGect is more likely a result of the increasing im-
portance of the upper conduction band as the carrier
concentration is increased.
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FIG. I2. Dependence of e~, the carrier concentration derived
from the dHvh data, on e~, the carrier concentration determined
from the hmiting high-6eld HaQ coeKcient at 4.2'K. The full
line is the relation N~=e~, voile the dashed curve is a 6t to the
high carrier density data for a parabolic second band. This band
is assumed to have a minimum corresponding to the point X.The
error resulting from the assumption of a rigid conduction band
is shown by the difference between the circle and triangle for
em= j..2X j.o'~ cm '

ss H. J. Goldsmid, J.AppL Phys. 82, 2198 (1961).

V. CONCLUSIONS

dHvA data have been obtained. for n-type Bi2Te3 over
a wide range of carrier concentrations. These measure-
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ments show that the conduction band consists of six
ellipsoidal minima centered on the reQection planes of
the crystal. Two of the major axes of the ellipsoids lie
in the refiection planes and make angles of 25' with
respect to the trigonal and bisectrix directions, respec-
tively. In addition, there is a second conduction band
consisting of one or more minima lying approximately
30 meV above the erst set. The shape of the constant-
energy surfaces for the lower band is independent of
the carrier concentration for total carrier concentrations
between 9X10" and 2.4)&10". The average effective

mass is reasonably close to that obtained from Faraday-
rotation experiments.
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Exploratory measurements have been made of the intensity of several forbidden neutron re8ections

simulated by multiple Bragg reflection in large single crystals. The (0003) and (0001) rejections were studied

in a beryllium crystal with mosaic &0.25' and the (200) in a germanium crystal with mosaic &0.02'.
Double-crystal methods were used with a triple-axis spectrometer. Large amounts of order contamination

frere treated by means of resonance absorption alters and least-squares analysis of overdetermined equa-

tions. To minimize the CGcct of peculiarities of individual specimens, the results are presented as intensity

ratios. Simulated rejections were observed to have 1/60 to ) the intensity of ordinary Bragg reQections. No

conclusive evidence was found for an intrinsic component due to the forbidden reQcctions themselves; the

Be simulations were at least 200 to 700 times, and the Ge simulations at least 15 to 60 times, more intense

than the corresponding intrinsic components. Caution must be used in applying these results to other

spcclIQcns.

I. INTRODUCTION

~'OR several decades the phenomenon of multiple

Bragg reflection (MBR) (often referred to as

multiple diffraction or simultaneous reRection) has

been studied experimentally and theoretically for x rays,
electrons, and neutrons; an extensive literature has been

reviewed recently. ' Although a number of bene6cial
uses have been suggested and demonstrated, it is

probably fair to say that the e6ect has been mostly a
nuisance. This is true for both spectrometry and

structure studies, in which perturbed intensities of

ordinary rejections and confusing appearances of for-

bidden reflections may occur. In fact much recent work

has dealt with the question of avoiding or minimizing

the eBects of MSR.
However, the possibility of producing extremely

monochromatic, semiparallel beams of x rays and slow

neutrons at Axed wavelengths by means of MBR in

certain types of perfect single crystals has been pointed

~ Work performed under U. S. Atomic Energy Commission
Contract No. AT(45-1)-1830.

'Yu, $, Terminasov and L, V. Tuzov, Usp, Fix, Nauk 83, 223
(1964) /English transl. : Soviet Phys. —Usp. 7, 434 (1964)j.

out recently. ' The proposed method is based on eBects
which occur at particular crystal orientations in cases
of pure "Umn egaeregeeg"'; that is, when a strongly
forbidden Bragg reflection is simulated by MBR. Such

high-quality beams, particularly of slow neutrons, have

several potential uses in research, provided. they are

intense enough. Although several investigations con-

cerned with the intensity of simulated neutron reQec-

tions have been reported, ' it is dificult to relate their

results to the reQectivity of large crystals, which is the

basic quantity of interest in monochromatization.
The purpose of this paper is to present the results of

a preliminary experimental survey of several simulated

neutron reflections, the main goals of which were (1)
to determine the general order of magnitude of their

intensity and (2) to identify some of the more intense

peaks for subsequent detailed study. The measurements

' D. A. Kottwitz, Acta Cryst. A24, 117 (1968).
3 M. Renninger, Z. Physik 106, 141 (1937).
4H. g. Hay, Atomic Energy Research Establishment Report

No. AERE-R 2982, 1959 (unpublished).
& R. N. Moon and C, G. Shull, Acta Cryst. 17, 805 (1954).
OR. R, Spencer, Atomic Energy Commission Research and

Development Report No. LDO-17029, 1964 (unpublished).


