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The effect of a magnetic field on the chemical potential of the electrons in bismuth and in a 
GaAs-A1,Gal -,As heterojunction has been investigated by measuring the contact potential 
difference. No chemical-potential oscillations due to oscillations of the density of states were 
observed for bismuth, and it is shown that they may be absent because of the compensating 
effect of magnetostriction. Sawtooth oscillations of the chemical potential were observed on 
studying a GaAs-A1,Gal -,As heterojunction, the decreasing sections of the oscillations 
coinciding with the plateau regions of the quantum Hall effect. The results point to an 
oscillatory dependence of the electron concentration on the magnetic field strength and allows 
one to explain the quantum Hall effect without invoking the localization concept. 

We reported earlier' on a search for oscillations of the 
chemical potential p of electrons in beryllium, associated 
with oscillations of the density of states in a high magnetic 
field. Kaganov et aL2 were the first to draw attention to the 
possibility of such oscillations. It turned out, as a result of 
the measurements, that the chemical potential of the elec- 
trons in beryllium does not oscillate. To put it more precise- 
ly, the amplitude of oscillations of the chemical potential did 
not exceed the noise level ( 1.5-2peV), which is an order of 
magnitude smaller than the estimated2 value of Ip,, I .  This 
result was attributed to the fact that the oscillations in the 
chemical potential, due to the oscillations of the density of 
states, are cancelled by chemical-potential oscillations due 
to magnetostrictive oscillations of the volume. Such cancel- 
lation is possible if the electron contribution to the bulk mo- 
dulus of the metal dominates. 

It was of interest to study the effect of a magnetic field 
on the chemical potential of the electrons in bismuth, which 
has - lo4-fold fewer current carriers than beryllium. The 
small number of current carriers in bismuth should, on the 
one hand, lead to a large magnitude of the oscillations of the 
chemical potential, associated with oscillations of the den- 
sity of states, and on the other hand should make the electron 
contribution to the bulk modulus negligibly small. Accord- 
ing to Brignall and Sh~enberg,~ the amplitude of the oscilla- 
tions of the magnetization of bismuth in a field H = 7 kOe at 
T = 4.2 K amounts to IM,,, 1 ~ 0 . 0 7  G, which should lead to 
oscillations of the chemical potential with an amplitude 
lpoSc I = 2/3 IM,,, IH /Nz 300 peV ( N  = 6 x  10" cmW3 is 
the total number of electrons and holes in bismuth4). 

In the present work, in addition to the investigation of 
the chemical potential of electrons in bismuth, we deter- 
mined the effect of a magnetic field on the chemical potential 
of electrons in a GaAs-A1,Gal -.As heterojunction. In the 
latter case the electron occupy a two-dimensional layer with 
surface density N, z 5 x 10'' cm-', which corresponds to a 
volume concentration N z 5  x 10" ~ m - ~ ,  typical of semi- 
metals. The principal difference consists in the change in the 
dimensionality of the space occupied by electrons." 

THE EXPERIMENTS 

The effects of a magnetic field on the chemical potential 
of electrons can be determined from the change in the con- 
tact potential difference between the plates of a measuring 
capacitor consisting of the specimen being studied and a 
polycrystalline electrode. In general, the contact potential 
difference differs from the difference of the chemical poten- 
tials by the magnitude of the potential difference of the dou- 
bly charged layers present on the surface of metals.' How- 
ever, the influence of a magnetic field on this correction can, 
evidently, be negle~ted.~ 

We shall consider the limits imposed on the parameters 
of the external circuit connected to the measuring capacitor, 
and on the rate of change of the magnetic field. Suppose that 
the measuring capacitor is formed by bringing together met- 
als A and B with chemical potentialsp, andp, ( p, >p, ), 
while the external circuit has infinite resistance (Fig. la) .  It 
is clear that there is no electric field in this case, since the 
electrons of metal A are "unaware" of the existence of empty 

FIG. 1 .  A schematic explanation of the effect of a resistance in the external 
circuit on the electric field in the measuring capacitor. 
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places in metal B. On shorting the measuring capacitor by a 
wire (Fig. lb),  a flow of electrons from metal A to the unoc- 
cupied states of metal B takes place until the electrochemical 
potentialsp + ep of both metals are equalized. As a result, a 
potential difference Ap = ( p, - p, ) / e  arises between the 
plates of the measuring capacitor. If the wire is removed 
again (Fig. l c )  and some external action changes the chemi- 
cal potential of one of the metals ( B ) ,  then the difference in 
potential will not vary, since a change of the capacitor vol- 
tage for a constant capacitance is possible only if the capaci- 
tor charge is changed. If the external circuit has resistance R, 
the voltage on the measuring capacitor will change with a 
time constant T, = R C  (Cis  the capacitance of the measur- 
ing capacitor) and rapid changes in chemical potential with 
characteristic period T2(T1 will not be discernible. An upper 
bound of the allowable rate of change of magnetic field fol- 
lows from this. It should be noted that the experiment rec- 
ommended by Kulik and Gogadzel' for observing oscilla- 
tions of chemical potential contradicts this reasoning. 

Two methods for measuring oscillations of chemical 
potential were used in this work. The first method was the 
same as that already described.' It is in fact based on the 
determination of the charge-transfer current of the measur- 
ing capacitor from the voltage drop across the resistor R 
( - 1012 a) connecting its plates. The voltage drop was mea- 
sured by a voltmeter-electrometer with a dynamic capacitor 
at the output. The transfer characteristic of the measuring 
device was resonant and was described by the expression 

Ay+By+Cy=f, (1 ) 
where x is the potential of the specimen studied and y is the 
output voltage. The coefficients which enter in Eq. ( 1 ) were 
determined from the amplitude-frequency and phase-fre- 
quency characteristics of the measuring device: 

k ( o )  =B-'[I+ (CIBo-Aw/B)Z]-",  
(2)  

and also from the reaction of the measuring device to a lin- 
early varying input voltage applied to the specimen studied. 
The initial value of the specimen potential was deduced by 
numerical integration of the plots of the output voltage in 
cor~formity with Eq. ( 1 ). The accuracy in this reconstruc- 
tion is illustrated in Fig. 2, which shows the reaction of the 
measuring device to a linearly increasing voltage and the 
reconstructed signal. 

The second method for measuring oscillations of 
chemical potential is based on the direct determination of 
the charge on the measuring capacitor. The measuring ca- 
pacitor was connected for this purpose to an electrometer 
operating in the current-integrating mode. The output signal 
from the electrometer is in this case proportional to the 
charge on the measuring capacitor and therefore to the po- 
tential difference between its plates. 

The advantage of the first method lies in its high sensi- 
tivity to changes of chemical potential; the merit of the sec- 
ond is the greater accuracy, since it requires practically no 
additional analysis of the electrometer output traces. The 
first method was therefore used in searching for oscillations 
in the chemical potential of beryllium and bismuth, while the 

FIG. 2. The reaction of the measuring system to a linear growth of voltage 
(a) and the reconstruction of the input signal (b) .  

second was used for a more detailed study of oscillations in 
the chemical potential of a GaAs-Al, Gal -,As heterojunc- 
tion. 

The designs of the measuring capacitors rated 5-8 pF 
were similar to those used before (Fig. 2b of Ref. 1 ). The 
working gap of the measuring capacitor was parallel to the 
field in the study of bismuth and perpendicular in the study 
of heterojunctions. 

The bismuth specimen was a 7X 5 X 1 mm plate with 
the normal along the trigonal axis. The magnetic field was 
directed along the trigonal axis. The magnetic field was di- 
rected parallel to the bisectrix. The resistivity ratio was 
~ 3 0 0 ~  1 ~ 4 . 2 ~  = 72'4. 

The heterojunction specimens were similar in structure 
to the specimens on which the quantum Hall effect was stud- 
ied. They were grown by the method of molecular epitaxy on 
a single-crystal semi-insulating GaAs substrate in the fol- 
lowing sequence: undoped GaAs, 0.8 pm; undoped 
Al, Ga, - As, 100 .&; Al, Gal -,As, doped with Si to a con- 
centration of 5 X 10'7-10'8 ~ m - ~ ,  500 .&; undoped GaAs, 
200 .&. The carrier mobility was - lo5 cm2 . V- ' . s- ', the 
specimen dimensions 1 0 ~  10 mm. All measurements were 
carried out at T = 4.2 K. 

RESULTS 

Bismuth 

As when studying beryllium,' oscillations of magnetor- 
esistance were used as a reference in searching for oscilla- 
tions of the chemical potential. To show up the oscillatory 
component better, the monotonic component of the magne- 
toresistance of bismuth was compensated by the magnetore- 
sistance signal of a polycrystallance beryllium specimen. 
Such a trace of the oscillations is shown in Fig. 3a; the ampli- 
tude of the oscillations in a field of 7.5 kOe amounted to 
about 10% of the total magnetoresistance signal of bismuth. 

In the present work an attempt was made to find an 
oscillation of the chemical potential of bismuth correspond- 
ing to the oscillation in magnetoresistance in a field of 7.5 
kOe. Since the transfer characteristic of the measuring de- 
vice was resonant, it would be advantageous to sweep the 
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FIG. 3. The search for oscillations of the chemical potential ofbismuth: a )  
oscillations of the magnetoresistance of bismuth; b) the output voltage of 
the measuring system, averaged over 24 traces in a decreasing magnetic 
field; c )  the output voltage of the measuring system averaged over 48 
traces in a decreasing and increasing magnetic field. 

magnetic field at a rate corresponding to the maximum 
transfer coefficient of the measuring system: 

IPl=PA ( U H )  ap/2n, (3  
where h ( 1/H) is the oscillation period of the chemical po- 
tential, and w ,  is the resonance frequency of the measuring 
system. It was technically difficult to satisfy Eq. (3)  over a 
wide range of fields, so that we confined ourselves to sweep- 
ing the field at a constant rate, satisfying Eq. (3)  only at 
H = 7.5 kOe: 1 H 1 = const z 80 Oe . s- I .  The magnetic field 
dependence of the voltage at the output of the measuring 
system is shown in Fig. 3b obtained by averaging 24 traces in 
a decreasing magnetic field. It is a straight line straddled by a 
noise track + 10 pV in width. The slope of the line is pro- 
duced by the induction signal arising from the large rate of 
change in the magnetic field. A similar relation is shown in 
Fig. 3c, obtained by averaging 48 traces made alternately in 
increasing and decreasing magnetic field. An additional 
smoothing of the curve over three adjacent points was car- 
ried out to reduce the high-frequency noise. 

It follows from Fig. 3c that oscillations of the chemical 
potential ofbismuth in a field of 7.5 kOe do not exceed 5 peV, 
which is nearly two orders of magnitude less than the expect- 
ed value. 

GaAs-AI,Ga, -,As heterojunction 

Unlike the negative results obtained on beryllium and 
bismuth, we found a strong effect of a magnetic field on the 
chemical potential of the two-dimensional electrons in a 
GaAs-Al,Ga, -,As heterojunction. The traces of the vol- 
tage at the output of the measuring system were taken by 
sweeping the magnetic field in the range 15-50 kOe at the 
constant rates IH I = 14.4, 57.5, 86.3 and 115 Oe . s-I. Ex- 
amples of such traces are shown in Fig. 4. The traces were 
repeated several times for each value of H and averaged. The 
main error on reconstructing the specimen potential accord- 
ing to Eq. ( 1 ) was due to the drift of the electrometer zero. 

FIG. 4. Traces of the output voltage of the measuring system produced 
when studying a heterojunction. The rates of changing the magnetic field 
werea) H = - 57.5 Oe . s-I; b)  H = 86.3 Oe . s.'; c )  H = 115 Oe . s-I 
The dashed horizontal lines indicate the zero values of the signals. 

potential was dependent neither on the rate nor on the direc- 
tion of the change in magnetic field. The magnetic field de- 
pendence of the change in chemical potential of the hetero- 
junction obtained in such a way is shown in Fig. 5a. 

It is interesting to compare the change in chemical po- 
tential of the heterojunction in a magnetic field with the re- 
sults of measurements of magnetoresistance p,, and Hall 
effect p, (Fig. 5).  The p,, (H) and p, (H) plots have 
shapes typical of the quantum Hall effect1': a succession of 
plateaus on the p, (H) curve and deep minima in the 
p,, (H)  curve corresponding to them. The magnetic field 
dependence of the chemical potential of the heterojunction 
has a sawtooth appearance, with the smooth fall in potential 
taking place in those intervals wherep, (H) = const. 

Similar magnetic field dependences of the chemical po- 
tential of the heterojunction were also obtained by determin- 
ing directly the charge on the measuring capacitor. An ex- 
ample of the trace of the electrometer output voltage in this 
case is shown in Fig. 6a. 

DISCUSSION 

Bismuth 

As when studying beryllium,' we could not observe os- 
cillations of the chemical potential of bismuth. Moreover, 
the margin in sensitivity (the ratio of the expected oscilla- 

FIG. 5. Comparison of results of measurements of a )  the chemical poten- 
tial, b)  the Hall effect and c )  the magnetoresistance of a heterojunction. 
The field deoendence of the chemical ootential was obtained bv numerical 

Within the limits of this error, the reconstructed specimen analysis of ihe traces of Fig. 4 (the fiist measurement method). 
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N,, l o i i  cm-2 

FIG. 6. a )  Comparison of the experimental (solid curve) and theoretical 
(dashed curve) magnetic field dependences of the chemical potential of a 
heterojunction. The experimentalp ( H )  dependence was obtained by inte- 
gration of the charge transfer current of the measuring capacitor (the 
second measurement method). The theoretical p ( H )  dependence was 
calculated on the assumption that N, = const. The Landau levels 
E, = hiW, ( n  + 1/2) are shown by the sloping straight lines. b) The mag- 
netic field dependence of the electron concentration, calculated from the 
measuredp (H)  dependence. c )  The Hall resistivity calculated from mea- 
surements of the,u(H) dependence. The horizontal strokes indicate the 
positions of the plateaus in units of h /e2.  

tion amplitude to the noise) for bismuth was almost an order 
of magnitude greater ( k 60). 

At first sight, this result contradicts existing views on 
the effect of a magnetic field on the spectrum of electrons 
and holes in b i ~ m u t h . ~  In fact, according to Vecchi et a1.I2, 
for example, a magnetic field redistributes the electrons over 
the valleys and changes their overall number and the Fermi 
energy; this explains the singularities of the reflection spec- 
tra of bismuth in quantizing magnetic fields. In addition, 
since the condition for electroneutrality requires that 

3 

i -1 

(AN"' is the change in the number of electrons in the ith 
valley, APis the change in the number of holes), oscillations 
in the number of electrons should lead to oscillations in the 
number of holes, as is also confirmed by e~per iment .~  

We note, however, that when considering bismuth, the 
Fermi energies of the carriers are measured either from the 
edges of the energy band or from the energy of the level with 
quantum number j = ( n  + 1/2) f s = 0. The values of the 
Fermi energies for different groups of carriers in bismuth 
therefore do not coincide, and these energies are not related 
to the chemical potential, defined as p = dF/dN (F is the 
free energy). It can also be noted that thanks to the condition 
of electroneutrality [Eq. (4)  1, the shift of chemical poten- 
tial drops out of the calculations of the change of free energy 
in a magnetic field [see Eq. (8)  of Ref. 131. The absence of 

oscillations of the chemical potential of bismuth thus does 
not on the whole contradict results on oscillations of the 
number of carriers. 

As in the case of beryllium, it was natural to try to at- 
tribute the absence of oscillations of the chemical potential 
of bismuth to the compensating effect of magnetostriction, 
the more so because bismuth has the largest magnetostric- 
tions of all the diamagnetic materials.I4 However, the carrier 
concentration in bismuth is so low that the electron contri- 
bution to its bulk modulus can be neglected (according to 
estimates, Be, / B  ,,, - The mechanism of compensa- 
tion of the oscillations of the chemical potential proposed 
earlier' for metals with a high electron concentration, there- 
fore does not operate in bismuth. 

Nevertheless, the possibility of a magnetostrictive com- 
pensation of oscillations of the chemical potential in bismuth 
remains. In fact, the existing experimental and 
the deformation-potential approximation" indicate that the 
magnetostrictive deformation u, behaves similarly to the 
change in the number of light carriers: 

uik=Kih8N. (5 
Sincels 

E ~ ~ N ~ ' ' ,  ulk=-a ln F/aoiAMOScH 

(F is the magnetization oscillation frequency), the magne- 
tostrictive change of chemical potential 

2 6N 2 E r  d l n F  MoScH 
( j p = - E  ----= --------- 

3 F~ 3 Kih do,, N 

will compensate the oscillations of the chemical potential 
associated with oscillations of the density of states, 

under the condition 
K * = - E , ~  In Fldoir. (6)  

According to the model of McClure and Choi,I9 the Fermi 
energy of bismuth is E, =: 35 meV, while the measured mag- 
netostriction in the direction of the bisectrixI5 gave d lnF/ 
du,, = (4.7 + 0.8) X cm2 . dyne-'. Oscillations of 
the chemical potential should therefore be absent if 
K,, = - (2.6 + 0.4) X cm3. This value agrees sur- 
prisingly well wilh the value determined from the param- 
eters of the deformation potential of bismuth for just this 
magnetic field direction, K,, = - 3 . 0 4 ~  cm3 (Ref. 
16). Bismuth is thus one more metal in which oscillations of 
the chemical potential are absent because of the compensat- 
ing effect of magnetostriction. 

It should be noted that our results of looking for oscilla- 
tions of the chemical potential of beryllium and bismuth dis- 
agrees with the results of other ~ o r k s ~ ~ - ~ ~  in which the find- 
ing of oscillations of the chemical potential of a number of 
metals was reported. We note, however, that in all these 
studies the method recommended by Kulik and Gogadze" 
was used to record the voltage on the measuring capacitor in 
so rapidly a varying magnetic field that the time for one 
oscillation was appreciably shorter than the discharge time 
of the capacitor. We criticized the idea of this method above. 
In addition, Caplin and Shoenberg have already rejected 
their earlier results and consider that the large-amplitude 
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oscillations which they observed are a consequence of the 
Hall effect and eddy currents.24 Parasitic oscillations of the 
signal could also arise as a result of magnetostriction ampli- 
fied by the piezo-effect in the solid dielectric of the measur- 
ing capacitor. According to S h ~ e n b e r g , ~ ~  there has not been 
a really convincing experimental confirmation of oscilla- 
tions of chemical potential. 

The GaAs-AIxGa, -,As heterojunction 

A study of the influence of a magnetic field on the 
chemical potential of electrons in a GaAs-A1, Gal -,As he- 
terojunction is especially interesting for explaining the quan- 
tum Hall effect, which manifests itself in plateaus arising in 
the field variations of Hall voltage, corresponding to the  
quantized valuesp, = h /ie2 ( i  = 1,2, ... ), at a longitudinal 
resistivity p,, = 0." The general explanation of the quan- 
tum Hall effect is that the electrons occupy a whole number 
of Landau levels and their chemical potential lies either in 
the energy gap or in the mobility gap. 

One of the first explanations of the quantum Hall effect 
in heterojunctions2" was based on the existence of an elec- 
tron reservoir outside the two-dimensional electron layer. 
Since the degeneracy of each Landau level is N = eH/ch, to 
occupy i levels we need N, = ieH/ch electrons. Then 
uxy = N, ec/H = ie2/h, whileu,, = 0, which givesp, = h / 
ie2 andp,, = 0. The electron reservoir must offer a possibil- 
ity of changing N, over sufficiently wide limits, in order to 
achieve observable widths of thep, plateaus. According to 
Baraff and T s ~ i , ~ ~  donor impurities near the two-dimension- 
al electron layer could be such a reservoir, but doubts later 
arose about the reality of this estimate2' and the idea of a 
reservoir was abandoned. 

The idea of localized states was set forth to replace it 
and was recently developed intensely. According to this 
idea, the conduction is produced by electrons with energy 
lying near the centers of the Landau levels, while all the 
remaining electrons ( ~ 9 5 % )  lying on the wings of the Lan- 
dau levels are localized. Thanks to a peculiar compensation, 
the current carried by the delocalized states then turns out to 
be equal to the current from all the states of the filled Landau 
levels.28 In this case, a finite Hall resistance plateau width is 
also possible for a constant electron concentration; it is im- 
portant that the chemical potential of the electrons should 
lie in the range of localized states. Although the idea of local- 
ization in a random potential gives a qualitative understand- 
ing of the quantum Hall effect, there is however so far no 
quantitative theory, while localization has no complete ex- 
perimental c~nf i rmat ion .~~ 

It was of interest to compare the variation of chemical 
potential of a heterojunction as measured in the present 
work with the theoretical, calculated for N, = const. The 
density of the two-dimensional electron gas can be repre- 
sented in the form3' 

This expression is obtained on the assumption that the spin 
splitting can be neglected, while the broadening of the Lan- 
dau levels r, = lio, (n  + 1/2) is descr?bed by a Gaussian 
distribution with the parameter r independent of magnetic 
field. 

The theoretical p (H) dependence was determined by 
numerical solution of Eq. (7) .  The effective mass was taken 
as3' m* = 0.068 m, the electron density N, = 4 . 2 3 ~  10" 
cm-2 was calculated from the period of the conductivity 
oscillations a,, = p,, /( pl, + ply ), the broadening 
r = 0.15 meV of the Landau levels was estimated from the 
carrier mobility. 

The comparison of the experimental and theoretical 
p(H) dependence is shown in Fig. 6a. Since only the in- 
crease in chemical potential A p (H) was determined in the 
experiment, the position of the measured dependence on the 
energy scale was chosen in such a way that the chemical 
potential scale should intersect the Landau levels at field 
values corresponding to the maxima ofthe conductivity u,, . 
It can be seen from Fig. 6a that the falling sections of the 
experimental p (H) curve are appreciably broader and less 
steep than those calculated on the assumption that 
N, = const. It should be noted that even a ten-fold increase 
in the width of the Landau levels did not improve the agree- 
ment: the theoretical curve for H >  25 kOe has the same 
steep falling sections and only the amplitude of the p(H) 
oscillations decreased somewhat. 

The assumption of the constancy of the electron con- 
centration thus does not agree with the results of measure- 
ments of the magnetic field dependence of the chemical po- 
tential of the two-dimensional electron gas in a 
heterojunction. It was therefore natural to use the measured 
p (H) dependence to determine the effect of a magnetic field 
on the density N, of a two-dimensional gas. Equation (7) 
was used to calculate N, (H) with the parameters 
m* = 0.068 m and r = 0.15 meV. The N, (H) dependence 
obtained in this way (Fig. 6b) has an oscillatory character; 
the change of electron concentration for H > 30 kOe exceeds 
10%. If the Hall resistivityp, (H) = H /ecN, (H) is calcu- 
lated starting from the N, (H) dependence, then a relation 
typical of quantum Hall effect (Fig. 6c) is obtained and 
agrees excellently with that measured directly (Fig. 5b). 

The experimental results of the present work thus 
reawake the idea of an electron reservoir and enable the 
quantum Hall effect to be explained without invoking local- 
i ~ a t i o n . ~ ~  We note, however, that the accuracy in measuring 
p(H) does not allow the existence of localized states to be 
ruled out completely, and the question of the possible influ- 
ence of localization on the accuracy of the reproducibility of 
the quantum values p, = h /ie2 is not removed by our ex- 
periments. 

We express our thanks to N. E. Alekseevskii for his 
interest in this work, to M. S. Khaikin and V.S. ~del 'man for 
supplying the bismuth single-crystal, and to M. I. Kaganov 
and Yu. E. Lozovik for discussion of the results. 
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