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ac Han measurements on high", Tc superconductors
H. How and C. Vittoria
Department of Electrical and Computer Engineering, Northeastern University,
Boston, Massachusetts 02115

A. Widom
Department of Physics, Northeastern University, Boston, Massachusetts 02115

Hall experiments are carried out normally in bulk materials where a de current is applied
perpendicular to a static magnetic field. Since the de Hall coefficient is sman for type-II
superconductors at temperatures well below the transition temperature T e , the possibility of
measuring the Hall coefficient ofthe superconductor under ae conditions is explored. It is
found that the ac Hall coefficient can be readily detected through the measurement of the
reflected microwave beam, whose polarization has been rotated 90° away from the incident
wave irradiating on the surface of a high- Tc superconducting material biased by a de magnetic
field.

I. INTRODUCTION

Hall experiments are carried out normally in a bulk material where a de current is applied perpendicular to a static
magnetic field. The Hall coefficient is defined by
RH

=

1/nec,

(1)

where n is the number of charge carriers per unit volume, e is
the charge per carrier, and c is the speed oflight. By measuring the magnitude as weIl as the sign of RHone can determine the volume density of the charge carriers as weB as
whether the dominant charge carrier within the material is a
hole or an electron. When the material becomes superconducting, the supercurrent wiH short-circuit the induced Hall
voltage and the Hall effect can be realized only in the fluxflow state of a type-II superconductor. This Hall effect occurs only in the limit of a large transport current where effects of fiuxoid pinning become unimportant. Under these
conditions normal carriers (electrons or holes) get scattered
within the fluxoid core with the observed Hall angle approximately the same as that observed in the normal state. 1,2 For
currently discovered high-Tc materials the flux-flow states
are not so easy to achieve and the dc Hall effect is very difficult to measure, since this requires very large current density
in a magnetic field close toHc2 (;::::few tens of megaoersted).
In this paper we propose to carry out ac Hall-effect measurements where ac currents penetrate near the surface and interact with the magnetic field within the London penetration
depth. The ac Han effect can be rather easily detected because the flux-flow state can be "effectively" established in
the ac case. 3 The ac Hall effect implies a 2 X 2 matrix for the
surface impedance under microwave reflection measurements. The diagonal terms of the impedance matrix correspond to the traditional scattering concepts of electromagnetic waves, but the off-diagonal matrix elements are related
to polarization rotation of the incident waves irradiating
upon the surface of the superconductor. The measured ac
Hall coefficient therefore reveals the sign of the charge carriers as well as the Cooper-pair density of the sample in the
superconducting state.
4545
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It has been found that in the normal state (at temperatures above or slightly below T c )' most (but not aU) of the
materials used to fabricate the new high-temperature superconductors have holes as the dominant charge carrier. For
La 2 _ x Srx CuO4 samples the dc Hall coefficients were found
proportional to x for x<O.l, revealing that the substituted Sr
ions supply one hole per atom in the above-mentioned Sr
concentration range. 4 ,5 Little temperature variations were
found for the de Hall measurements on the La-Sr-Cu-O samples. 4 ,5 For a YBa 2 CU 3 0 7 _ y sample a positive Hall coefficient was also found, 6 which shows an inverse temperature
dependence for temperatures above T c ' indicating that either a temperature-dependent compensation mechanism exists for both holes and electrons or some sort of unusual
transport mechanism for holes is taking place within the YBa-Cu-O samples. It then appears reasonable to assume that
the charge of the carrier of the supercurrent is q = 2e and
will have the same sign (but twice the magnitude) as the
carriers in the normal state, However, since the pairing
mechanism has not been established yet, it is important to
establish experimental evidence in the superconducting state
the sign of q, i.e., whether the pair is two electrons or two
holes for temperatures well below T c '

II. THEORY

Consider a type-II superconductor. Let the magnetic
field be applied normal to the sampie surface with the fluxoids distributed uniformly across the sample (B 2fH> He! ).
A current density of j is applied transverse to the applied
field. This is shown in Fig, I, where the fluxoids are shown as
shaded cores. The separation distance between the fluxoids
is denoted as d. The magnetic induction within the material
is therefore B = $old 2 • Here <Po is the flux quantum defined by (f>o = hel2e with h being the Planck constant. The
current flowing through the fluxoid region will experience
the Lorentz force. This portion of current flowing into a unit
volume is defined as II = j(t Id)2, where g is the coherence
length of the Cooper pairs which represents the dimension of
the fiuxoids. In the above current expression, II , the factor
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fined by Es = Z·K. B denotes the z direction and j the x
direction. The 2 X 2 matrix Z can be obtained from Eq. (4)
as

Zu

= Z22

~12

=-

= - i())mJ(nsAq2)

(Sa)

= B /n.,cqA.

(5b)

and
FIG. 1. Hall-effect experimental
configuration.

Z2!

Normal resistivity can be included by simply adding the normal impedance Rn to Z 11 and Z 22' Rn could arise from the
normal-electron (hole) scattering of the electromagnetic
waves both in the fluxoid regions of the superconducting
phase and the regions of nonsuperconducting phases which
might coexist with the superconducting phase in a high-Tc
sample.
The reflectivity tensor can be expressed as
of (g/d)2 recognizes the fact that fluxoids are discrete in
both the longitudinal direction and the direction transverse
to the current. The corresponding magnetic field inside the
fiuxoids is B\ = <1>0/4'2 = Bd 2 /S 2 • The Lorentz force density within the fiuxoid region is FI = II BII c, where the subscript "one" indicates that all the quantities are active only
within the fiuxoid. Rewriting the above expression in terms
of external quantities, one finds that
FI =F=jBlc.

(2)

Therefore, one may view this relation as if the B field was
distributed "homogeneously" across the whole sample.
In the following we assume the B field is homogeneously
distributed across the sample. The London equation implies
that

msn;v=nsqE+jXBIc,

(3)

where ms denotes the mass of the charged pair which travels
with velocity v, and ns denotes the density of the Cooper
pairs. Using the relationship j = nsqv, assuming the time
dependence exp( - i())t), and integrating j and E from the
surface into the interior of the superconductor, Eq. (3) can
be written as

=

E
s

1
K---KXB.
n,Aq2
nscqA

- kJ)m s
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1
=------(a + r - ib)2 + d
2

r+d

x[(a-ib)2-2rd

2

wherea = R",b = 41TWAlc2 ,d = B Ins Aqc, r = Zo,andZ o
is the impedance of free space defined as Zo = 4trlc. Normally, we shall have r> a, r> b, and r> d. In this case one
obtains

(7)
For B = SOOO G, A = 1 j.tm, and q and ms equal to, respectively, twice the electron charge and mass, the above formula
impliesPl2:::::3 X 10- 4 , which is measurable with a network
analyzer (for example, an HP8510B).
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(4)

Here the surface current K and the surface electric field Es
are defined by fiji dl = K and fijE dl = EsA, with A being
the
London
penetration
depth
defined
by
A2 = m s c 2/ ( 41Tnsq2). The surface impedance tensor Z is de-
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p = (Z - Zo )/(Z + Zo)
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