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Quantized Hall Effect in Ultrathin Metallic Films
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The Hall coefficientRy 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 a
size-quantized metal. Pronounced variation®Rgfwith the film thickness were found. The observed
reversal of the sign oRy 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 explained
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

There is growing interest in quantum size effects (QSE) The sample preparation and the measurements were
in ultrathin metallic films [1]. Recent studies have clearly performed in an ultrahigh vacuum system with a base
shown the occurrence of the QSE in the electrical condugpressure<7 X 10~!'! mbar. It was equipped with a He
tivity of ultrathin Pb films [2] but, to our knowledge, the cryostat and a reflection high-energy electron diffraction
influence of the size quantization on the Hall effect in ultra-(RHEED) system. Semi-insulating Si(111) oriented to
thin metallic film has never been investigated experimenwithin 0.05° was used as the substrate. The specific re-
tally before. From the theoretical point of view the Hall sistivity of Si at room temperature was abd@ob0 ) cm.
effect in quantized metallic systems was discussed only b¥he size of the Si samples wasx 5 X 0.6 mm’. They
Calecki [3]. He studied the galvanomagnetic properties ofvere chemically cleaned by standard procedures and
thin quantized metallic films for the case in which electronsmounted in the cryostat. Two cooled Mo clamps were
are scattered elastically by surface roughness and volumesed as current contacts. The three potential contacts for
impurities. The conclusions that could be derived fromresistivity and Hall voltage measurements were electrolyt-
this work are as follows. In the presence of bulk impuri-ically sharpened tungsten wires pressed against the sub-
ties only, represented b§-function scattering potentials, strate. The final cleaning was performed by flashing for
the Hall constant is equal te1/ne. Scattering by the sur- a few seconds to about 1500 K by direct resistive heat-
face roughness causes a variation of the Hall coefficiering. This resulted in the appearance of a sh@rp 7)
with the film thicknessd. When the correlation length superstructure RHEED pattern with no visible traces of
of the surface roughness is sufficiently small compared teontamination. Before deposition of Pb ttie X 7) sur-

the Fermi wavelength, thenRy = —1/ne when only  face was converted into a Si(11G)3 X +/3)R30°Ag su-
one subband is occupied by electrong (= 1). Whenthe perstructure. This was achieved by deposition of 1.1 ML
number of occupied subbands is large- > 1), Ry =  (monolayer) of Ag [ ML= atomic density of a Si(111)

(—1/ne) (4/15)vr ~ d. Calecki[3] also states that in the bilayer, e.g.,7.83 X 10'* atomg'cn?] at about 80 K fol-
low-correlation-length limit the Hall constant does not de-lowed by annealing for about 1 min at about 700 K [4].
pend on the parameters describing the surface roughneBsiring Pb deposition the substrate was also at 80 K.
and does not give directly the value of electron density.  The crystal structure of the growing Pb film was moni-
In this Letter we present results of the experimentakored with RHEED. The film was crystalline from the very
determination of the Hall coefficient in a weak magneticbeginning. Already at about 1.5 ML of Pb faint streaks
field as a function of film thickness and compare thewith Pb lattice periodicity were visible. The RHEED pat-
experimental data with predictions of existing theorytern from 3 ML of Pb showed a superposition of two
of the Hall effect in quantized ultrathin metallic films. (111) orientations. The orientation with [R0]||Si[110]
Ultrathin Pb films provide a promising starting point for strongly dominated the second orientation, which was ro-
obtaining a general understanding of the influence ofated30°. At a thickness of 10 ML the streaks from the
the QSE on the Hall effect because we have previouslyeaker orientation were not visible any longer. The thick-
observed pronounced QSE effects in such films [2]. Imess of the ultrathin layer was monitored by a quartz crystal
the present study we combine the UHV technology usescillator which in turn was calibrated using the RHEED
previously to study the QSE in the specific conductivityspecular beam intensity oscillation technique. Thus the
[2] with a new experimental method used specifically tomean thickness of the Pb films could be determined with
detect the weak signals produced by the Hall effect. an accuracy better than3% of 1 ML Phy ).
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The resistivity of the growing film was measured during ~__ 0 4 8 12 16 20
the deposition process. The method of measurements 54111l 1Ll i1 l1
here was the same as that used previously [5]. The i
characteristic oscillations of the resistivity with increasing (O)
film thickness [2] are the main criterion for the occurrence
of size quantization. After the desired thickness was
reduced, the temperature of the sample was decreased t«
20 K and the cryostat was placed in a coil which was
driven by a frequency generator operating at a frequency
of f1 = 4.2 Hz. This coil produced an effective magnetic
induction of 0.05 T at the sample. The current through
the sample was supplied by another generator which
was operated at a frequengy = 7.3 Hz. The resulting
product signal with the frequency; + f, was then
detected by a lock-in technique and stored for further
evaluation. The current passing through the sample was
about 200uA for the sample with 3 ML of Pb and about
2 mA for the sample with 10 ML of Pb. The typical
Hall effect signals of these films were in the range of 200 -7
nV. Special care had to be taken to avoid spurious signals 6 -
generated by ac magnetic fields and ac currents. The

5 (b)

HALL COEFF. Ry ((m®/C)x10~

resistivity of the bare substrate [with/3 X +/3)R30°Ag
superstructure] at 20 K was more than 200)G The
system was first calibrated with a commercial Hall probe
and with a thick layer of Ag deposited on the same
substrate. After completion of measurement, the sample
was flashed and a new Ag superstructure was prepared.
Then a new Pb film with another thickness was grown.
Figure 1(a) shows the Hall coefficient calculated from
the data obtained from a set of ultrathin Pb layers prepared
at 80 K and measured at 20 K. Each circle is from a
separate film. Below 2.5 ML the noise rapidly increased
with decreasing thickness due to the large resistivity of
films. Figure 1(b) shows the thickness dependence of the
specific conductivity for a sample prepared in the same
conditions at 80 K and measured continuously during O LI I e e e
deposition. 0 4 8 12 16 20
Surprisingly, the Hall coefficient possesses features ML Pb
which are not predicted by the available published theory. (1)
The most interesting phenomenon is the reversal of theiG. 1. Hall coefficient of ultrathin Pb(111) films deposited
sign of the Hall coefficient in the vicinity of 3.5, 5, and at 80 K on Si(111)~/3 X +/3)R30°Ag, measured at 20 K (a).
7 ML of Pb. It should be noted that the Hall coefficient The dashed line is data for bulk Pb from [6] measured at 20 K.
of bulk Pb is positive and equal t¢ 1.1 x 10~ m3/C (b) shows the thickness dependence of the specific conductivity,
[6]. The data of Fig. 1(b) provide strong support for Sizemeasured during deposition in the same condition as in (a).
quantization of the specific resistivity. Similar to our
previous studies [2,5] in which data for Pb deposited on
Si(111){6 X 6)Au were presented there is clear evidencedensity increases continuously with a superimposed weak
that the main QSE conditions, e.g., sufficiently largevariation and almost saturates at a thickness of abapt
mean free path of the carriers and thickness uniformityThe periodicity of this variation iaz/2. In real quantized
are fulfilled also for the samples prepared on Si(111)Pb films it causes a modulation of the specific conductivity
(v/3 X V/3)R30°Ag. The theory of the Hall effect in with a period close to about 2 ML [see Fig. 1(b)]. This
quantized metallic systems [3] shows that the Hall cophenomenon was discussed and explained previously [2].
efficient is proportional to the reciprocal of the electronlt is difficult to explain the experimental Hall effect data
density and that its variations with thickness remain ratheof quantized Pb films within the framework of existing
smooth, in contradiction to experiment. In the free electheories of the QSE in metallic layers. According to
tron QSE model (see, for example, Ref. [7]) the electrorexisting theory the QSE can influence the Hall coefficient
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(i) via the variation of the electron density with thicknessthat the strong influence of the QSE cannot be explained
and (ii) via the anisotropy of the scattering time causedvithin the existing theory of the Hall effect in quantized
by the interaction of the current carriers with a roughmetallic films. A simple comparison of the band structure
surface [3]. Neither of two effects can reverse the sign obf Pb with the results presented here indicates that the free
the Hall coefficient observed in experiment. Apparentlyelectron model is insufficient.
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