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Section 2. Electronic transport properties
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In the present paper the Hal measurement in the liquid date of metds, usng two-frequency
method, ac-dc method and smultaneous method will be described. The Hall effect has been
measured in Hg and Ga, both solid and liquid state. We have aso measured
magnetoresistance and Hall effect in InSb single crystal in which magnetoresistance
appears even in low magnetic field and S in which magnetoresistance do not appear clearly.
In order to investi gate the magnetic field dependence of galvanomagnetic effects in metds
(in solid and liquid state) and semiconductors, the measurement in high magnetic field up
to 9 [T] were also performed.
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1. Introduction

The Hal effect has been used to andyze the conduction mechanism in the liquid and solid
states of materids. An ordinary dc-dc method is goplied to measure the Hall voltage (where method
consist of adc sample current and a dc magnetic fidd) in the solid state physics. Hall signds generating
in metal samples are very wesak, less than uV, henceit’s difficult to detect in metas, especidly in the
liquid state. There are several other problems due to dectromotive force (EMF), polarization effect and
other chemica reections at the dectrodes for measurements of Hdl signals in the liquid states [1].
Therefore the two-frequency ac method discovered by Russell e al. [2] has been used to avoid the
above problems in the liquid state for Hal measurement [1,3/4]. In this method, two different
freguencies for sample current and magnetic field are used in order to remove the el ectrochemical
reaction at the electrode interface. This two-frequency ac method has a very high sensitivity and a
high frequency sdectivity. However, the main drawback of this method is that if a nonlinear
component appears in the measuring circuit system and/or the measurement sample itself, a false
signa of the same frequency is generated as Hall voltage [5,6]. Furthermore it is not so easy to
measure the Hdl signd under a dynamic ac magnetic field. Therefore, we have proposed a new
method, the ac-dc method in which the magnetic field is produced by a direct current [7]. The
advantage of using this method is that it overcomes the nonlinearity effects arising at the interface
beatween dectrodes and solutions, and enables to show the sign of paositive or negative Hal voltage
corresponding to S or N direction of applied magnetic fiedd. However when the signd obtained at the
Hall dectrode increases with the strength of an applied magnetic fidd, another false Hall signd was
found even if the excdlent ac-dc method has been used to detect Hal signal in theliquid state of metals.
This false Hall signa does not appear in solid state. It has aso been found that this false signd is
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generated due to the deformation effect arisen from the Lorentz force in the liquid state. Therefore, an
ac current in the high frequency above 1 kHz was used to avoid making a fa se signal, where this type
of false signa has diminished down to as low as white noise level [8]. After taking dl precautions, a
spurious signal gtill appears even at the high frequency region in theliquid state. It has aso been found
after andyzing the spectrum that the spurious signa has a component of B and B? for an applied
magnetic fidd in the liquid state although this signal does not appear in the solid state. This fact seems
to be an intrinsic magnetoresi sance effect [6]. In high magnetic fidd (up to £9 T), we have found a
dragtic change of the gavanomagnetic effect. To and yze and overcome this problem the Hall effect
and the magnetoresistance effect were simultaneously measured adding four-point probe method and
compared the Hall signal with the magnetoresistance one [10]. In case of solid state semi conductors
like S and InSb big differences on galvanomagnetic effect between low and high magnetic fields do
appear.

In the present paper the Hall measurement in the liquid state of metas, using two-frequency
method, ac-dc method and s multaneous method will be described. We have measured Hall effect in
Hg and Ga, both solid and liquid state. Furthermore, we measured magnetoresistance and Hall
effect in InSb single crystal in which magnetoresistance appears even at low magnetic field and Si
in which magnetoresistance do not appear clearly. In order to investigate the magnetic fied
dependence of galvanomagnetic effectsin metals (in solid and liquid state) and semiconductors, the
measurement in high magnetic fidd up to £9 [T] were also performed.

2. Experimental

The measurement circuit is shown in Fig. 1. A ceramic cell of Macor or Pyrex glass cell
were used with filling Hg and Ga (99.9999% purity), and mounted at the middle point of magnet air
gap of 0-0.5 T dc magnetic field or in a dynamic ac magnetic field of haf the dc strength.
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Fig. 1. Diagram of the two-frequency ac method.

The ac electromagnet was made of 0.35 mm laminated iron sheet core and operated in series
resonance at 60 Hz with a cgpacitor bank. The temperature of the cdl was monitored with thermocouple
or thermistor dement to keep a constant temperature. A thermocouple for measuring sample
temperature is fixed on the reverse side of the Macor board. Movements of the sample metal surface
were observed by detecting a reflected beam from a He-Ne laser using a position sengitive detector
(PSD) or phatodiode (PD). The variation of the resistance of metds is detected using Kdvin double
bridge A metal sampleinliquid stateis enclosed into a Macor plate with 200 and 400 um ditch.

3. Results and discussion

A two-frequency ac method is an excellent method for measurement of a very weak
Hall signal lessthan 1 uV order in noisy and fluctuated sol ution because this method has a very
high sensitivity and a high frequency-selectivity. When an ac sample current of «, and an ac
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magnetic field of a different frequency wg are applied to the sample, atrue Hall signal is a sum of
signa frequency (o, + wg) or difference (w, - mg). As the result using the intermodul aion of two
different frequency signals, this sum or difference frequency is different from original frequency
of current »; and magnetic field wg. The data obtained in Fig. 2 apparently seem to be a complete
results but spectrum of the frequency shows that there are many harmonictrainsin Fig. 3.
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Fig. 2. Hal voltage vs. magnetic field Fig. 3. Frequency spectrum a Hall electrode.
measured by thetwo - frequency ac
method.

This fact shows the existence of nonlinearity in the measuring system [5]. The
nonlinearity has been verified to emerge from the interface between solution and eectrode [6].
The movements accompanying shift of the location and/or vibration in the liquid state are shown
in Fig. 4. These movements in liquid state metals, e.qg., Hg during Hall measurements were a so
observed at the surface by reflection of a He-Ne laser beam. The frequency spectrum of the
surface movement caused by the two-frequency ac method contains the same frequency
component as that of the expected true Hall signal in the liquid state, but no corresponding
movements were observed in solid state as shown in Fig. 5. In order to obtain Hal signal datain
liquid state we have proposed the ac-dc method, which is able to avoid producing a false signal
due to nonlinearity at the i nterface between liquid sol ution and €l ectrodes.

Fig. 4. (A) Schematic diagram as viewed from the side. (B) Movement due to the
Lorentzforce on the open space of asample cdl are demonstrated and taken by a
double exposure a 0.5 T of dc-B and +2 A dc-I.
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Fig. 5. The spectrum measured with the two-frequency ac Fig. 6. Hdl signal inliquid state of
method consisting of 60 Hz of ac-B and 71 Hz of ac-1 shows Hg through ac-dc method.

surface movements of the liquid Ga sample a 52 °C

accompanied by many higher harmonics including pseudo

signasof 11 and 131 Hz. These features cannot be seen for
the solid state Gaat 12 °C.

The signals detected at the Hall € ectrodes have the same frequency as sample current |5
and enables to show the sign of obtained signals corresponding to the polarity of applied
magnetic field B. In the case of liquid Hg metal when ac-dc method was applied, the results are,
however, shown in Fig. 6, and the Hall signal is reproduced with decreasing the temperature. It
may be considered that this unnecessary effect results from distortion of Lorentz force and give
riseto afaint variation of resistancein the liquid state samples. The change in resistance was 10’
Q/Tesla, but no change was observed in solidified metals. The movements of liquid samples
during the Hall measurement were observed at the surface of liquid Hg using a reflected of a
He-Ne laser beam. The movements were also confirmed by four-point probe method. It has been
found that the variation voltage AV caused by resistance change due to Lorentz force can be
reduced to white noise level with increasing the frequency of the sample current over 1 kHz [8].
The unnecessary variation voltages AVg which is shown in Fig. 7 are negligible, increasing the
frequency of sample current Is over 1 kHz in the ac-dc method. The Hall signals with a carrier
sign corresponding to the fied polarity were obtained at 10 kHz for even the liquid metals using
ac-dc method [Fig. 8]. The Hall coefficients, Ry obtained from the Hall measurement for Hg was
caculated as a divaent metd and Ga as trivalent meta were 5~7 x 10° and
7~9 x 10° cm’/Coulomb, respectively. The Hall coefficients Ry for Hg and Na showed a most
the same values in both the liquid and solid states. Particularly the values for Na were in good
agreement with the values expected from the nearly free eectron model. The Ry values for Ga,
however, showed a big discrepancy between the liquid and solid states. The Ry valuein the solid
state was nine times as much as in the liquid. The latter value is amost the same as the value
calculated from the free electron model.
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Fig. 7. Incorrect signal, Vg, vs. frequency for Fig. 8. Hall signalsfor liquid Gaat 40 °C
Hg and Ga through ac-dc method at 7kHz ac current.

The Hdl coefficient for Ga shows also a big discrepancy at the mdting point, but resistivity
p increases dightly with temperature The same trivdent metd, In, showed only ordinary meta
characteristics of p and Ry in both liquid and salid state

In the higher frequency region around 5 kHz, Hdl and magnetoresistance effect were
eva uated by two-frequency ac method and a spectrum and yzer (HP3585A) as shown in Fig. 9. Hal
signds Vy are expected to reved a the frequency of (f, + fg) as shown in Fig. 9(b) for solid state, the
signds detected at the Hall dectrodeinliquid state appeared at the frequency of (f; + fg) and (f, = 2fg)
isshownin Fig. 9 (). It is considered that (f; £ 2fg) components result from an applied magnetic field
B. This effect is not aresult of nonlinearity at the dectrode or nonlinear vibration since there are no
harmonic trains in this higher frequency spectrum of liquid state. When the sample was solidified
with decreasing temperature, only Hal signd (fi + fg) was appeared [Fig. 9(b)]. Hence the
magnetoresistance effect in the liquid state was verified using the four-point probe method as shown
in Fig. 9(c). Frequency component (f; = 2fg) has the same frequency positions as thet in liquid state
Hal measurement. Subsequently the sample was solidified with decreasing temperature The
spectrum shown in Fig. 9(c) was changed into that shown in Fig.9(d). Two pairs of sideband
disappeared in the solid state and only a fundamentd peak appeared at the sampl e current frequency.
This means that the magnetoresistance effect exists in liquid state, but not in solid state in weak
magnetic fied below approximately 0.3 T. Therefore dl the signd obtained at the Hall dectrodesin
theliquid states are not dways true Hall signd's, due to magnetoresistance effect. It has been darified
that a magnetoresistance effect intrinsicaly exists in the sample solution. The Hdl voltage in the
liquid state measurement is mixed with some other signals.
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Fig. 9. Spectraof (8), (b) Hall voltage by means of the two-frequency ac method and (c), (d) variation
of voltage by means of the four point probe method, for Gaat 46 °C and solid Gaat 16 °C, in the high
frequency region for a5 kHz sample current and 0 kHz, 0.23 T magnetic field, respectively.

To overcome these problems the Hdl effect and the magnetoresistance effect were
simultaneously measured (Fig. 10). These signals were examined and compared each other in high
magnetic fidd up to £9 T a IMR, Tohoku University. Fig. 11 shows the results of simultaneous
measurements of Hall and magnetoresistance effect in liquid and solid state The Hg and Ga have
basicadly sametype of results. In solid state magnetoresistance effect is quite small, dmost negligible,
but in liquid state the effect has a big change of parabolic curve on the applied magnetic fidd B. The
Hal voltage in liquid state receives a large affection due to magnetoresistance effect and shows
admost dearer B curve as far as magnetic field dependence. This result does not show simply Hall
effect any more
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Fig. 10. Block diagram of measurement circuit.
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Fig. 11. Hall effect and magnetoresistance effect Fig. 12. Temperature dependence of
for Ga(inliquid and solid state). Hall coefficient in Gaand Hg.

The temperature dependence of Hall coefficient in Gaand Hg is shown in Fig. 12. The
temperaure dependence data of Hal coefficient was obtained by computer data processing using
simultaneous measurementsin Hg and Ga. Many data affected by magnetoresi stance effect are ableto
be saved by computer data processing using symmetric property of resistance. It has been found that
the Hall coefficient is dmost constant with temperature. In liquid state the results are in very good
agreement with the va ues cal culated from the nearly free e ectron mode and dso with other’s results
[4,9]. Thus, we found that it was possible to pick up the true Hall voltage from obtained Hall
signals affected by magnetoresistance effect to a certain extent.
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Fig. 13. Hall effect and magnetoresistance effect for Hg (in liquid and solid state) at high
magnetic field vertical units are different.

The results on Hall effect and magnetoresistance effect in Hg for high magnetic field are
shown in Fig. 13. In liquid state, Hall effect is affected by very big magnetoresistance effect
comparing with solid state, where the vertical units are very different in Fig. 13. Therefore we
have measured the Hal and magnetores stance effects for semi conductors in which these effects have
generaly been well-known in low magnetic fiedd. The result of n-type Si single crysta is shown in
Fig. 14(a). It has been found that the magnetores stance effect does not apper inlow magnetic fied up
to+0.3 T, but in high magnetic fields it can be observed clearly. The Hal voltage, even of Si has an
affection of magnetoresistance effect in high magnetic fidd up to +9 T. Contrarily, in case of InSb,
which is very well-known to show both the gdvanomagnetic effects, and magnetoresistance effect
appears even in low magnetic fidd. On the other hand, in high magnetic field, a very hig
magnetoresi stance clearly appeared and the curve becomes linear excepting near the origin, for an
applied magneticfidd (Fig. 14 b).
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Fig. 14. Hall and magnetoresistance effect in InSb and n-type S single crystal.
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4. Conclusions

The following conclusons has been drawn from above experimenta results and
discussions:

In liquid state it has been found that during Hal measurements, nonlinearity exists a the
e ectrodes which easily produce false signals smilar to the Hall voltage.

Using ac-dc method, Hal signals of Hg and Ga in liguid state were obtained in the higher
frequency region above 1 kHz. Although there are indistinguishable spurious signals in liquid state,
but nat in solid Sete.

Spurious signa due to change in resistance dways exists and it is much larger in liquid state
thanin solid state Thissignal isrelated to B and B2 of applied magnetic field.

A discontinuity in Hall coefficient of Gais observed at the melting point.

The Hall effect is affected in the liquid state by magnetoresistance effect much stronger than in
solid sate.

The Hall effect can be seen even in high magnetic fidd in spite of a strong reduction of
magnetoresistance effect. Therefore the mechanism of Hall and magnetoresistance effects intrinsically
differs from each other dthough both effects derive from Lorentz force.
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