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The rf Hall field in a superconductor is calculated for the applied dc magnetic field and the rf electric 
field both parallel to the metal surface. A two-fluid model and specular reflection boundary conditions are 
used to solve the transport problem in the limits of the classical and the extreme anomalous skin effects. 
I t is found in both limits that the rf Hall effect is nonzero. The magnitude of the Hall angle in superconduct­
ing tin is estimated. 

INTRODUCTION 

THE usual static experiment with crossed electric 
and magnetic fields can not give rise to a Hall 

field in a superconductor. The infinite static conductiv­
ity associated with the superconducting electrons 
implies that no macroscopic electric field exists inside 
the superconductor. However, since high-frequency 
electric fields can penetrate the superconductor, an rf 
Hall measurement may be possible. 

An unsuccessful search for a low-frequency (80-800 
cps) Hall field was made by Lewis.1 He looked for the 
ac Hall voltage between the pole and equator of a 
superconducting vanadium prolate spheroid when an 
ac longitudinal magnetic field was applied. He concluded 
that the absence of a Hall effect indicated a failure of 
the two-fluid model of superconductivity.1,2 

Although no measurements have been reported on 
a microwave Hall effect in superconductors, such an 
experiment on normal metals has been carried out by 
Cooke.3,4 In the Cooke experiment the dc magnetic 
field is perpendicular to and the rf electric field is 
parallel to the metal surface. Because of demagnetiza­
tion effects in a superconductor, the dc magnetic field 
at the surface is approximately parallel to the surface. 
Therefore, it is suggested that for the superconducting 
case, both the dc magnetic and the rf electric field be 
applied in the plane parallel to the surface. Then, if any 
Hall field exists, it would be directed normal to the 
surface. 

An actual microwave experiment is limited to the 
study of the Hall field at the surface of the metal. The 
measurement consists of external excitation of one 
cavity mode which the Hall field then couples to an 
orthogonal mode.5 The strength of the coupling can be 
related to the Hall angle OH defined by 

tan^E^Oy^O), (1) 

in which % is the direction into the superconductor, 
Ez(0) is the Hall field evaluated at the surface (z=0) 
and Ex(0) is the applied rf electric field at 2=0. It is of 
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1 H. W. Lewis, Phys. Rev. 92, 1149 (1953). 
2 H. W. Lewis, Phys. Rev. 100, 641 (1955). 
3 S. P. Cooke, Phys. Rev. 74, 701 (1948). 
4 B . Donovan, Proc. Phys. Soc. (London) A68, 1026 (1955). 
5 A. M. Portis and A. G. Redfield (private communication). 

interest to inquire whether the microwave Hall effect in 
a superconductor is large enough to be observed. 

In this paper, the rf Hall field Ez is calculated for 
the applied dc magnetic field Ho and the rf electric 
field Ex both parallel to the surface. A two-fluid model 
and specular reflection boundary conditions are used 
to solve the transport problem in the limits of the 
classical and extreme anomalous skin effects. For 
comparison, the result is given for a normal metal 
under conditions of the extreme anomalous limit. 
The calculation of Ez is limited to the term linear in HQ. 

SUPERCONDUCTING HALL FIELD 

The surface of the superconductor is considered to 
be a flat plate in the xy plane with the z direction normal 
to the surface and extending into the superconductor. 
The dc magnetic field Ho is taken to be parallel to the 
y axis and to have a spatial variation Ho(z). The rf 
electric field has components in the x and y directions. 

A two-fluid model calculation for the surface imped­
ance of a superconductor in a magnetic field with this 
geometry has been given previously.6 The superconduct­
ing electron current is related to the fields by the 
London equations while the normal electron current is 
found by solution of the Boltzmann equation for a 
magnetic field with spatial z dependence. Since the 
solution of the Boltzmann equation involves an 
iterative technique, the presentation is limited to a 
Hall field linear in Ho. 

It is found that for the rf electric field parallel to Ho, 
the magnetic field does not couple to components of E 
perpendicular to Ho. Thus a Hall field is found only for 
the Ex component. The Fourier transform for the 
Hall field is given in I by 

2ic2o>cTEx' (0) f <ffl 
T Kzz(ilq) J^q'z+X-z 

XLxz(ih,ih'Wx(q-qf), (2) 

in which ooc=eHo(in*c)-'1 and f = V^==T(l+^>r)~1> 
with m*, vF, and r being the effective mass, the Fermi 
velocity and the relaxation time for the normal electrons 
in the superconducting state. The functions Kzz, Lxz, 

6 G. Dresselhaus and M. S. Dresselhaus, Phys. Rev. 118, 77 
(1960). 
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Tx are given in I as 

it p(\-p) 

f 2t'2 

(t-t%2t'-t+t(t-t'yi 

(3a) 

Hall field at the surface which implies the accumulation 
of a surface charge. 

The integration of Eq. (6) yields 

£.(«) = 
c 2 £ / (0K 

z>-2/X 

2t'2 
-Kzz(t-t'), (3b) 

x j dpTx{p)e™ 
Lxl(-ilp+l/\, l/\) 

, (8) 

and 

X [ 4 - ( 1 + ? Y ) ^ ( ^ ) ] } ~ 1 - (3c) 

The parameters OJS and cow are related to the super­
conducting penetration depth X and to the normal 
electron concentration N by 

and 
cos=c\ *, 

Wn
2=47riVe2w*-1. 

(4a) 

(4b) 

The inverse Fourier transform of Eq. (2) gives the Hall 
field 

1 /-• 
Ez(z) = — I Eq>ze~^dq, (5) 

2x •/-oo 
or 

ic*Ej$)<acf /-00 r00 dp(q+p)Tx(p) 
Ez(z) = I (far** I 

7T2 J - * J-oo (?+^)2+X~2 

X L » ( t ^ , t O + d ) - (6) 

Since, physically, the Hall field is odd in z, Eq. (5) 
implies that 

£Lq,z— li/-.q,z* \i) 

Application of this symmetry condition to Eq. (2) 
shows that Ez(z) is either zero or discontinuous at 2=0. 
The calculation presented here yields a discontinuous 

f r ^ 

v ^ a 

1 2 > 3 4 

which can be evaluated in the limits of the classical skin 
effect (\lp\, |£/X|<K1) and of the extreme anomalous 
skin effect (\lp\, |Z/X|,»1). 

CLASSICAL LIMIT 

The expansions of Kzz, Lxz, and Tx in Eq. (3) for 
Ifol, | J A I « l a r e 

Kzz(-ilp+l/\)^i, 
Lxz(-ilp+l/\V\)^i, (9) 

Tx{p)^-lc^~km~\ 
in which 

kc= (-\-2+Cx32c-2_io)0)n2fc-2y,j ( 1 0 ) 

with Re(&c) <0 and lm(&c)>0. Substitution of Eqs. (9) 
into Eq. (8) yields upon integration 

Ez 0) = - iEj (0)«flrt rV* 'V** (11) 

In the classical limit, the electric field Ex(z) is given in 
I as 

Ex{z) = -iEJWk^e^+eiHo2), (12) 

which gives the result for the Hall angle 

tan^//=a;cT(l+^r)~1. (13) 

The result for the rf Hall angle of a superconductor in 
the classical limit is the same as the static Hall angle 
for semiconductors.7 This result is physically not 
unreasonable since the Hall field falls off faster than 
Ex(z) by approximately the factor e~z,x. Thus the dc 
magnetic field is effectively constant over the region 
of the metal where the Hall field is appreciable. The 
Hall field increases with decreasing r. However, in 
the limit of long relaxation time, the calculation must 
employ the anomalous skin effect. 

EXTREME ANOMALOUS LIMIT 

The expansions of Kzz, Lxz, and Tx in Eq. (3) for 
\lp\, |Z/X|»1 are 

Kzz(-ilp+l/\)^£l(p+i/\)-]-2, 

Lxz(-ilp+l/\J/\)c*±nllY(p+i/VTl, 

T*(p)^~pc~* E d{p-p%)-\ (14) 

FIG. 1. Dimensionless plot of f(a) = / i (a) -\-if(a) vs a=\/dn. 
7 W. Shockley, Electrons and Holes in Semiconductors (D. Van 

Nostrand Company, Inc., Princeton, New Jersey, 1950), Chap. 11. 



Rf HALL E F F E C T IN S U P E R C O N D U C T O R 1973 

a =2.17 

in which the function 

FIG. 2. Plot of 4>(t)=*4>i(t)+uf>2(t) vs t=T/Tc for two values of 
the parameter ce0. Except for a scale factor (see text) the curves 
represent the tangent of the Hall angle vs t. 

The symbol pi is a root of the equation 

p*+p\-2-idn-z=o, (15) 

in which Sn is the skin depth in the extreme anomalous 
limit8 

and 
Ci^iPi-p^iPr-pk)-1, 

(16) 

(17) 

with i=x, y, z and i^^k^i. The integration of 
Eq. (6) yields a nonvanishing Hall field at the surface 

Ee(0) = ±2X2E/(0)coc^-1 E ©< ln(-€<), (18) 

in which the roots pi are related to €»• by 

e<=-x-*c* 
(19) 

The component of the electric field Ex{z) at the surface 
is from I 

Em(0) = - (c2/4iria>)ZoEz'(0)+e(a>2)y (20) 

where Z0 is the zero-field surface impedance 

Z0= -8o>X<r2 E e i € i l n ( - e*). (21) 

The result for the Hall angle in the extreme anom­
alous limit is 

t an0 jy=— irio)^KvF x / («) , (22) 

8 J. Reuter and E. Sondheimer, ProC. Roy. Soc. (London) 
A195. 336 (1948). 

/ ( « ) = E e < l n ( - € < ) / E e,-e<ln(-€<) 

(23) 

is plotted in Fig. 1 against the dimensionless parameter 
a=\/8n. The sign of Eq. (22) is determined from the 
Hall angle in the normal state (a—» oo), 

t&ndHN= {^Tr/l^cbnVp^il- i/^S). (24) 

The relation, lima_>00/(a) = (l+^v3)/2a has been used 
in deriving Eq. (24). 

The result for the Hall angle as given by Eq. (22) is 
not valid near a = 0 (i.e., near r=0°K), since the 
expansions of Eq. (14) neglect important contributions 
near p—0 when one of the roots of Eq. (15) approaches 
zero. Physically, as T—*0°K the normal electron 
concentration N approaches zero; thus, the skin depth 
dn becomes very large. In this limit, the conditions of 
the anomalous skin effect are no longer satisfied; the 
metal becomes more "classical," and the Hall angle 
increases (see Fig. 1). The Hall angle increases as the 
skin depth increases until the limiting value of 8n— \l\ 
is reached. A cutoff is also obtained mathematically 
at a=\/l, by treating the integral of Eq. (8) in two 
parts 0 —» 1/Z and \/l —> co and by substituting ap­
propriate expansions in the two regions. 

In order to present the variation of the Hall angle 
with temperature, the Gorter-Casimir model is intro­
duced. The parameter a is related to the reduced 
temperature / by 

a=aQt*(l-t*)-i, (25) 
in which 

/37r2a>Noe2\l 
ao^H~V~Y)' (26) 

The temperature dependence of the Hall angle can then 
be written as 

ire 
tanfe= ( — - ) fl*(0, (27) ( ire \ * 

I 
3a>cNoin*2vF

2/ 

in which the function 

<f>(t)=<t>i(t)+i<t>2(t) = -
tao 

(I-/4)*" 
:/[W4/3(l-*4)-*] (28) 

is plotted in Fig. 2 vs t for a0=0.16 (free electron mass) 
and for ao==2.17 (light mass carrier). These values for 
ao were determined in studies of the field variation of 
the surface impedance of superconducting tin.9 The 
numerical value for tanfe in superconducting tin at 1 
kMcps in a field of 100 gauss is ^4X10~4 for a0=0.16 
and ~ 2 for a0=2.l7. Provided that the conditions of 

9 M. S. Dresselhaus and G. Dresselhaus, Phys. Rev. Letters 4, 
401 (1960). 
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the extreme anomalous skin effect are satisfied, the mag­
nitude of the Hall effect is not sensitive to frequency. 

The two fluid model predicts an rf Hall effect to be 
observable in a superconductor. If a Hall field should 
be detected experimentally, Hall measurements would 
provide a useful tool for the study of the band structure 
of superconductors. 

I. INTRODUCTION 

RECENTLY, there have been extensive studies 
concerning the anisotropic behavior of the funda­

mental optical absorption processes in crystals possess­
ing a unique direction. CdS has been studied by Dutton,1 

Thomas and Hopfield2 and by Gross and Razbirin.3 

Piper, Marple, and Johnson,4 Lempicki,5 and Keller and 
Pettit6 have studied ZnS. Thomas7 has reported on ZnO 
and Casella and Keller8 have reported on tetragonal 
BaTiOs. For all of these materials it was found that 
at the absorption edge, light polarized perpendicular 
to the c axis is more strongly absorbed than light 
polarized parallel to the c axis. Hopfield9 has given a 
theoretical treatment for ZnO and Wheeler10 has 
treated CdS using the exciton picture, Birman11 and 
Casella12 independently proposed an explanation of the 

1 D. Dutton, Phys. Rev. 112, 785 (1958); J. Phys. Chem. Solids 
6, 101 (1958). 

2 D. G. Thomas and J. J. Hopfield, Phys. Rev. 116, 573 (1959). 
3 E. F. Gross and B. S. Razbirin, J. Tech. Phys. U.S.S.R. 27, 

2173 (1957) [translation: Soviet Phys. (Tech. Phys.) 2, 2014 
(1957)]. 

4 W. W. Piper, D. T. F. Marple, and P. D. Johnson, Phys. Rev. 
110, 323 (1958); W. W. Piper, P. D. Johnson, and D. T. F. 
Marple, J. Phys. Chem. Solids 8, 457 (1959). 

5 A. Lempicki, Phys. Rev. Letters 2, 155 (1959). 
fS. P. Keller and G. D. Pettit, Phys. Rev. 115, 526 (1959). 

7 D. G. Thomas, Bull. Am. Phys. Soc. 4, 154 (1959). 
8 R. C. Casella and S. P. Keller, Phys. Rev. 116, 1469 (1959). 
9 J. J. Hopfield, Bull. Am. Phys. Soc. 4, 154 (1959). 
10?R. G. Wheeler, Phys. Rev. Letters 2, 463 (1959). 
11 J. L. Birman, Phys. Rev. Letters 2, 157 (1959); Phys. Rev. 

115, 1493 (1959). 
12 R. C. Casella, Phys. Rev. 114, 1514 (1959). 
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CdS and ZnS data by invoking interband transitions. 
The selection rule follows whether we assume an 
exciton model or direct interband transitions. There 
have also been attempts to apply the selection rules to 
fluorescent emissions resulting from transitions, 
involving deep lying states. 5'6,11»13 

Birman11 has based his derivation of the selection 
rule, jLt1>/xn, where JJL is the absorption coefficient, on 
explicit assumptions regarding the detailed symmetries 
of the valence and conduction bands of ZnS. Casella12 

has noted that, at the absorption edge, the selection rule 
follows independently of the symmetries of the bands, 
provided only that they be different. Both of these 
treatments are pertinent to and are borne out by the 
data of the previous workers. Birman's model is more 
amenable to a physical interpretation in that there is 
deduced from it two closely spaced valence bands 
derived from a spin-orbit interaction. The double 
valence band model has afforded an interpretation for 
measurements of the photoconductivity in CdS 14 and 
ZnS,15 using polarized light. 

The material CdSe has the wurtzite structure and it 
allows for the testing of the applicability of the above 
concepts to another compound in the crystal class C^v 
Transmission measurements were made and it has been 
determined that the selection rule is fairly well obeyed 

13 D. M. Warschauer and D. C. Reynolds, Phys. Rev. Letters 
3, 370 (1959). 

14 R. L. Kelly and W. J. Fredericks, Phys. Rev. Letters 2, 389 
(1959). 

15 G. Cheroff, R. C. Enck, and S. P. Keller, Phys. Rev. 116,1091 
(1959). 

P H Y S I C A L R E V I E W V O L U M E 1 2 0 , N U M B E R 6 D E C E M B E R 1 5 , 1 9 6 0 

Some Optical Properties of CdSe Single Crystals 
S. P. KELLER AND G. D. PETTIT 

International Business Machine Research Laboratory, Yorktown Heights, New York 
(Received August 15, 1960) 

Optical transmission and reflection measurements were made on a single crystal of CdSe (crystal class 
Cev) with light polarized parallel and perpendicular to the c axis. The absorption coefficients, pi and yu, were 
determined and are presented as functions of incident photon energy, at room temperature. The selection 
rule, fii>fx\b expected for all solids in the crystal classes Cnv and Cn, where n — 3, 4, or 6, is very well obeyed 
in CdSe. The absorption coefficients are not simple functions of the photon energy, but are nearly exponential 
and almost follow Urbach's rule. 

The fluorescence of the single crystal has been measured at 77°K. It is peaked at 920 m/* and it is slightly 
polarized perpendicular to the c axis. The results are similar to what has been obtained for hexagonal ZnS. 


