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Quantized Hall Effect in Ultrathin Metallic Films
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The Hall coefficientRH of ultrathin epitaxial Pb films is determined experimentally. A comparison
with electrical conductivity data leads to the conclusion that the investigated Pb layers behave like
size-quantized metal. Pronounced variations ofRH with the film thickness were found. The observed
reversal of the sign ofRH is discussed within the available theory of the quantum size effect describing
the galvanomagnetic properties of metals. We find that the observed phenomenon cannot be expla
by the free electron model of a quantized layer. [S0031-9007(96)00249-9]

PACS numbers: 73.20.Dx, 68.55.Jk, 73.50.Jt
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There is growing interest in quantum size effects (QS
in ultrathin metallic films [1]. Recent studies have clea
shown the occurrence of the QSE in the electrical cond
tivity of ultrathin Pb films [2] but, to our knowledge, th
influence of the size quantization on the Hall effect in ult
thin metallic film has never been investigated experim
tally before. From the theoretical point of view the Ha
effect in quantized metallic systems was discussed only
Calecki [3]. He studied the galvanomagnetic properties
thin quantized metallic films for the case in which electro
are scattered elastically by surface roughness and vol
impurities. The conclusions that could be derived fro
this work are as follows. In the presence of bulk impu
ties only, represented byd-function scattering potentials
the Hall constant is equal to21yne. Scattering by the sur
face roughness causes a variation of the Hall coeffic
with the film thicknessd. When the correlation length
of the surface roughness is sufficiently small compared
the Fermi wavelengthlF , thenRH  21yne when only
one subband is occupied by electrons (nF  1). When the
number of occupied subbands is large (nF ¿ 1), RH 
s21yned s4y15dnF , d. Calecki [3] also states that in th
low-correlation-length limit the Hall constant does not d
pend on the parameters describing the surface rough
and does not give directly the value of electron density

In this Letter we present results of the experimen
determination of the Hall coefficient in a weak magne
field as a function of film thickness and compare t
experimental data with predictions of existing theo
of the Hall effect in quantized ultrathin metallic films
Ultrathin Pb films provide a promising starting point fo
obtaining a general understanding of the influence
the QSE on the Hall effect because we have previou
observed pronounced QSE effects in such films [2].
the present study we combine the UHV technology u
previously to study the QSE in the specific conductiv
[2] with a new experimental method used specifically
detect the weak signals produced by the Hall effect.
0031-9007y96y76(22)y4227(3)$10.00
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The sample preparation and the measurements w
performed in an ultrahigh vacuum system with a ba
pressure,7 3 10211 mbar. It was equipped with a He
cryostat and a reflection high-energy electron diffractio
(RHEED) system. Semi-insulating Si(111) oriented
within 0.05± was used as the substrate. The specific
sistivity of Si at room temperature was about7000 V cm.
The size of the Si samples was8 3 5 3 0.6 mm3. They
were chemically cleaned by standard procedures a
mounted in the cryostat. Two cooled Mo clamps we
used as current contacts. The three potential contacts
resistivity and Hall voltage measurements were electrol
ically sharpened tungsten wires pressed against the s
strate. The final cleaning was performed by flashing f
a few seconds to about 1500 K by direct resistive he
ing. This resulted in the appearance of a sharps7 3 7d
superstructure RHEED pattern with no visible traces
contamination. Before deposition of Pb thes7 3 7d sur-
face was converted into a Si(111)-s

p
3 3

p
3dR30±Ag su-

perstructure. This was achieved by deposition of 1.1 M
(monolayer) of Ag [1 ML= atomic density of a Si(111)
bilayer, e.g.,7.83 3 1014 atomsycm2] at about 80 K fol-
lowed by annealing for about 1 min at about 700 K [4
During Pb deposition the substrate was also at 80 K.

The crystal structure of the growing Pb film was mon
tored with RHEED. The film was crystalline from the ver
beginning. Already at about 1.5 ML of Pb faint streak
with Pb lattice periodicity were visible. The RHEED pat
tern from 3 ML of Pb showed a superposition of tw
(111) orientations. The orientation with Pbf110gkSif110g
strongly dominated the second orientation, which was
tated30±. At a thickness of 10 ML the streaks from th
weaker orientation were not visible any longer. The thic
ness of the ultrathin layer was monitored by a quartz crys
oscillator which in turn was calibrated using the RHEE
specular beam intensity oscillation technique. Thus t
mean thickness of the Pb films could be determined w
an accuracy better than63% of 1 ML Pbs111d.
© 1996 The American Physical Society 4227
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The resistivity of the growing film was measured duri
the deposition process. The method of measurem
here was the same as that used previously [5].
characteristic oscillations of the resistivity with increas
film thickness [2] are the main criterion for the occurren
of size quantization. After the desired thickness w
reduced, the temperature of the sample was decreas
20 K and the cryostat was placed in a coil which w
driven by a frequency generator operating at a freque
of f1  4.2 Hz. This coil produced an effective magne
induction of 0.05 T at the sample. The current throu
the sample was supplied by another generator w
was operated at a frequencyf2  7.3 Hz. The resulting
product signal with the frequencyf1 1 f2 was then
detected by a lock-in technique and stored for furt
evaluation. The current passing through the sample
about 200mA for the sample with 3 ML of Pb and abou
2 mA for the sample with 10 ML of Pb. The typic
Hall effect signals of these films were in the range of 2
nV. Special care had to be taken to avoid spurious sig
generated by ac magnetic fields and ac currents.
resistivity of the bare substrate [withs

p
3 3

p
3dR30±Ag

superstructure] at 20 K was more than 200 GV. The
system was first calibrated with a commercial Hall pro
and with a thick layer of Ag deposited on the sa
substrate. After completion of measurement, the sam
was flashed and a new Ag superstructure was prep
Then a new Pb film with another thickness was grown

Figure 1(a) shows the Hall coefficient calculated fro
the data obtained from a set of ultrathin Pb layers prep
at 80 K and measured at 20 K. Each circle is from
separate film. Below 2.5 ML the noise rapidly increas
with decreasing thickness due to the large resistivity
films. Figure 1(b) shows the thickness dependence o
specific conductivity for a sample prepared in the sa
conditions at 80 K and measured continuously dur
deposition.

Surprisingly, the Hall coefficient possesses featu
which are not predicted by the available published the
The most interesting phenomenon is the reversal of
sign of the Hall coefficient in the vicinity of 3.5, 5, an
7 ML of Pb. It should be noted that the Hall coefficie
of bulk Pb is positive and equal to11.1 3 10211 m3yC
[6]. The data of Fig. 1(b) provide strong support for s
quantization of the specific resistivity. Similar to o
previous studies [2,5] in which data for Pb deposited
Si(111)-s6 3 6dAu were presented there is clear eviden
that the main QSE conditions, e.g., sufficiently lar
mean free path of the carriers and thickness uniform
are fulfilled also for the samples prepared on Si(11
s
p

3 3
p

3dR30±Ag. The theory of the Hall effect in
quantized metallic systems [3] shows that the Hall
efficient is proportional to the reciprocal of the electr
density and that its variations with thickness remain ra
smooth, in contradiction to experiment. In the free el
tron QSE model (see, for example, Ref. [7]) the elect
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FIG. 1. Hall coefficient of ultrathin Pb(111) films deposite
at 80 K on Si(111)-s

p
3 3

p
3dR30±Ag, measured at 20 K (a)

The dashed line is data for bulk Pb from [6] measured at 20
(b) shows the thickness dependence of the specific conducti
measured during deposition in the same condition as in (a).

density increases continuously with a superimposed w
variation and almost saturates at a thickness of about5lF .
The periodicity of this variation islFy2. In real quantized
Pb films it causes a modulation of the specific conductiv
with a period close to about 2 ML [see Fig. 1(b)]. Th
phenomenon was discussed and explained previously
It is difficult to explain the experimental Hall effect dat
of quantized Pb films within the framework of existin
theories of the QSE in metallic layers. According
existing theory the QSE can influence the Hall coefficie
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(i) via the variation of the electron density with thickne
and (ii) via the anisotropy of the scattering time caus
by the interaction of the current carriers with a rou
surface [3]. Neither of two effects can reverse the sign
the Hall coefficient observed in experiment. Apparen
there are other phenomena which can drastically influe
the behavior of the Hall effect in such a system. So
indications come from the band structure of Pb. Ander
and Gold [8] have calculated the Fermi surface using
OPW method. A comparison with the Haas–van Alph
data shows that in bulk Pb the Fermi surface extends
the second and the third Brillouin zone (BZ). Electro
behave in the second BZ like holes and in the third BZ l
electrons. It is possible that the size quantization infl
ences the electronyhole ratio and causes dramatic chang
of the Hall coefficient. Saalfrank [9] has calculated t
band structure of Pb(111) slabs consisting of 1 to 7 M
of Pb. He found that in samples consisting of more th
1 ML of Pb there are always hole and electron pock
aroundG andP symmetry points of the BZ. This clearl
indicates that the theoretical models developed to desc
the QSE in the electrical resistivity [3,7] break down
they are used to explain galvanomagnetic phenom
such as the Hall effect. Apparently, a model is need
which takes the detailed band structure of Pb under
quantization into account.

In conclusion, we have experimentally determined
Hall coefficient of ultrathin Pb films. We have foun
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that the strong influence of the QSE cannot be explai
within the existing theory of the Hall effect in quantize
metallic films. A simple comparison of the band structu
of Pb with the results presented here indicates that the
electron model is insufficient.

This work was supported in part by the Deutsc
Forschungsgemeinschaft and in part by Grant No. 2 P
105 08 of Polish Committee of Scientific Research.

[1] J. E. Ortega, F. J. Himpsel, G. J. Mankey, and R. F. Wil
Phys. Rev. B47, 1540 (1993); P. Bruno, Phys. Rev. B52,
411 (1995), and references therein.

[2] M. Jałochowski, E. Bauer, H. Knoppe, an
G. Lilienkamp, Phys. Rev. B45, 13 607 (1992);
M. Jałochowski, M. Hoffmann, and E. Bauer, Phys. R
B 51, 7231 (1995).

[3] D. Calecki, Phys. Rev. B42, 6906 (1990).
[4] S. Hasegawa, H. Daimon, and S. Ino, Surf. Sci.186, 138

(1987).
[5] M. Jałochowski and E. Bauer, Phys. Rev. B38, 5272

(1988).
[6] E. S. Borovik, Zh. Eksp. Teor. Fiz.27, 355 (1954).
[7] N. Trivedi and N. W. Ashcroft, Phys. Rev. B38, 12 298

(1988).
[8] J. R. Anderson and A. V. Gold, Phys. Rev. B139, A1459

(1965).
[9] P. Saalfrank, Surf. Sci.272, 449 (1992).
4229


