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FIG. 2. The three regions of magnetism in the g-g
plane [Eqs. (4), {5)]. I, unmagnetized; II, heat mag-
netism; III, ferromagnetism.

is minimum, which lies roughly midway be-
tween T, and T, of Fig. 1, curve (a), is given
by

kT =6 in'
i

=Bh(1+B)—t'4B l -'
m 1-A& (12)

Our model is directly applicable to the thu-
lium intermeta. llic compounds' &' for which A &1,
8 &1. However, although the crystal field pa, -
rameters which determine B/A are not definite-
ly known, it seems most likely that for such
systems (SI,/S~) &1, B&—,'A. If B & —,'A then ac-
cording to (11), A~ =0.995 and it is most un-
likely that the effect will be found in this class
of substances. The effective B/A ratio can be
increased, however, by going to a substance
wherein the lowest triplet has no matrix ele-

ment of S to the ground singlet. For example,
Blume' suggests that in UO, the order of lev-
els~ is I"„I'„I'„I', . Letting A = 2$S,~'/h, ~,
B = —2g S»'/6», in obvious notation, one ha, s'
B/A =-,'(L,~/b, »), which can be of the order
of one. [The expressions derived for the one-
triplet model above can be adapted approxi-
mately to the two-triplet model if the Boltz-
ma, n fa.ctor of the upper triplet is neglected.
In this case the B ' fa,ctor occurring in the
exponential factor of Eq. (11) should be replaced
by (3/4B) ]
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Tunneling spectroscopy has been carried
out in the BiSb alloy system to observe changes
of the electronic band structure with an increase
in Sb concentration. Tunnel junctions were
fabricated with a thin insulating layer sandwiched
between a single crystal of BiSb alloys, 3.6,
12.0, or 13.5 at.% Sb in Bi, and an evaporated
metal layer by a technique previously described. '
Figures 1(a), 1(b), and 1(c) show plots of con-
ductance of such a sandwich versus voltage
at 2'K for 3.6, 12.0, and 13.5% alloys, respec
tively. The plus voltage indicates a positive-

ly biased evaporated metal electrode in respect
to the single-crystal BiSb alloy throughout this
report. A W-shape curve in conductance for
the 3.6% alloy, reminiscent of the case of pure
bismuth, ' indicates this material to be semi-
meta, llic. On the other hand, a large dip' around
+10 or +15 mP, seen in Figs. 1(b) and 1(c),
shows the existence of the energy gap in these
materials. By measurement of the Hall effect,
the 12.0 and 13.5% alloys were found to be n

type with 9.3x10"electrons/cm' and 6.9&&10"
electrons/cm', respectively. The voltage at
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the bottom of the dip may be equated to

10 or 15 meV = 2E +E
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where the Fermi energy FF is about 1 meV
or less. Thus, the energy gap F.g is derived
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to be 20-30 meV, which is in good agreement
with the previous estimate. 3~~ It is interest-
ing that with an increase in the magnetic field
up to 4 kOe, a broad dip around -50 mV tends
to be washed away, whereas the dip due to the
energy gap is deepened, as seen in Fig. 1(b).

In Figs. 1(b) and 1(c) for semiconducting al-
loys, one finds major structure corresponding
to six band edges: 290, 130, 20-30, -0, -50,
and -280 mV, and minor structure at 40 and
-5 mV. These positions were arrived at by
treating the conductance as a sum of the con-
ductances from many hole and electron bands,
as we did before. Conductance peaks observed
in the present experiment, as well as in the
previous one, ' could be attributed to band bend-
ing near the surface due to the applied voltage.
Figure 2 shows these band edges for semicon-
ducting BiSb alloys together with the case of
pure bismuth. Except for the two bands at
I.

„

these band edges have not been seen before
in the BiSb alloys. A tentative assignment to
particular points in the Brillouin zone was made
using Mase's calculation, ' the argument of Co-
hen, Falicov, and Golin, ' and Hebel and Smith's
experiment. ' Cohen's notations are used in
Fig. 2. According to Mase, the principal change
due to the addition of Sb to Bi is a reduction

FIG. 1. Conductance versus voltage plots at 2 K.
(a) 3.6/o alloy tunnel junction; (b) 12.0' alloy tunnel
junction, at magnetic fields parallel to the trigonal
axis, 0, 1, 2, and 4 koe; (c) 13.5' alloy tunnel junc-
tion, showing a polarization effect, high- and low-con-
ductivity states.

FIG. 2. Band energies for pure Bi and semiconduct-
ing BiSb alloys constructed from our tunneling spec-
troscopy data, and the energy diagram of BiSb-alloy
tunnel junction.
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in spin-orbit coupling, which has a small ef-
fect on the band edges at L,. As shown in the
figure, these alloys appear to have become
a semiconductor due to widening of the ener-
gy gap between T, and T„while there is some
ambiguity whether the minor structure should
be assigned to T, and T, or not.

We have observed a detectable light emission
over the range beyond 100 mA in both directions
of semiconducting BiSb alloy tunnel junctions.
A piece of 0.1&&0.2&&0.05 cm' of 1-0-cm As-
doped Ge, kept at a distance of about 1 mm
from the tunnel junction with an area of -10 4

cm', served as a photoconducting detector
with an applied field of 15 Vjcm in bulk. ' The
tunnel junction together with the photodetector
is immersed in pumped liquid helium. Rela-
tively low-resistance tunnel junctions were
selected so that high currents could be used,
as shown in Fig. 3. Reproducible sudden po-
larizations to a slightly low-conductivity state
at +0.25 V and to a slightly high-conductivity
state at -0.27 V are noted. Both stable states
may be explained on the basis of the charging
and discharging of trap states on the surface
or inside the thin insulating layer by the applied
field. It is interesting that the observed pho-
todetector current, a fraction of a nanoampere,

FIG. 3. I-V curve of semiconducting BiSb-alloy tun-
nel junction in the high-current and -voltage region,
and photodetector current corresponding to the applied
voltage.

is always associated with the low-conductiv-
ity state as shown with heavy lines as a func-
tion of applied voltage, whereas no light emit-
ted in the high-conductivity state as indicated
by the dashed I-V curve in Fig. 3. Although
we have not measured the photon spectrum
yet, it must be 0.2 & h v & 0.02 eV. In view of
the nature of the BiSb-insulator-metal system
illustrated in Fig. 2, one can conceive a few
recombination processes, which might be ac-
companied by the photon emission.

Two conductance curves in Fig. 1(c) show
the polarization effect in detail. Suppose in-

itially it is the upper curve of the high-conduc-
tivity state. Then, it changes to the lower
curve of the low-conductivity state, when po-
larized by applying +0.4-0.5 V. This state is
stable unless one applies -0.4-0.5 V, at which
it returns to the high-conductivity state. Two
curves in Fig. 1(a) are also another example
of this effect. Although one can obtain a con-
tinuous distribution of conductivity states, de-
pendent upon the polarizing of the junction,
the assigned values of band edges are virtual-
ly unchanged as seen in the figures.
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