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We consider superconductors in strong magnetic fields in the mixed state when the orbital quantiza-
tion of the electrons is important. By averaging over the Abrikosov vortex lattice, solutions are obtained
for the Green’s function and gap parameter in the quantum case. These solutions are appropriate to de-
scribe phenomena on a scale large compared with the vortex-line separation and are independent of the
detailed vortex configuration. These results are used to calculate the de Haas-van Alphen oscillations in
the free energy in the mixed state. The effects of spin splitting and a layered structure are discussed.

I. INTRODUCTION

The properties of superconductors in the mixed state in
large magnetic fields is a subject of considerable current
interest. In the high-T, materials it is possible to attain
fields where the quantization of the orbits of the electrons
in the field becomes important. The condition we find for
the observation of effects associated with quantization of
the orbits is RI/£*<1, where R is the cyclotron-
resonance radius of an electron in the magnetic field,
1=(c/eH)""? is the magnetic length and £=v /A is the
coherence length in the field. Close to H,, the gap pa-
rameter A is depressed and £ becomes long and this con-
dition can be realized. This condition can also be written
Ar<y/ we?, where y is the Fermi energy, o, is the cyclo-
tron frequency, and A is the gap parameter in the field.
These conditions are discussed further in Sec. V. Low
temperatures such that w,~kT are also important be-
cause otherwise the quantization effects are smeared out.
Previous work on this subject includes a study of the
effect of quantization on the upper critical field H_,(T) by
Gruenberg and Gunther' and by TeSanovi¢ et al.’> Possi-
ble pairing schemes for electrons in quantized orbits have
been discussed by Markiewicz et al.> Quantization of the
orbits of the electrons in the field leads to quantum oscil-
lations in the magnetization of normal metals [de
Haas—van Alphen effect (JHvA)] and provides valuable
information on the Fermi surface. It is clearly of interest
to carry out such experiments on the high-T, supercon-
ducting oxides. The low temperatures needed and the
fact that the upper critical field in these materials at low
temperatures is extremely large requires that such experi-
ments be carried out in the mixed state. The dHvVA effect
in the mixed state of 2H-NbSe, has been previously re-
ported.* The condition that w.7> 1, where 7 is the col-
lision time, makes these experiments difficult in the mixed
state of type-II materials as they are frequently alloys.

This is presumably the reason for the lack of further ex-
perimental results. Recently two theoretical studies of
the quantization of quasiparticle orbits in the presence of
superconducting pairing have appeared®® and been ap-
plied to calculate dHVA oscillations in the quasiparticle
magnetization. The present author® considered the ex-
treme quantum limit and Maki® used a method of quan-
tizing the semiclassical approximation. Both authors
found that the gap in the mixed state behaved as an
effective temperature and reduced the amplitude of the
dHVA oscillations.

In this paper we obtain solutions to the Gorkov equa-
tions for the Green’s functions and gap parameter in the
mixed state when the orbits of the electrons in the ap-
plied field are quantized. It is argued that a number of
properties of the mixed state are independent of the de-
tailed structure of the Abrikosov vortices which allow us
to average over this structure and leads to considerable
simplifications. We thus obtain a theory of the supercon-
ducting state in strong fields when the electron orbits are
quantized, which is useful for describing properties of the
mixed state which are independent of the detailed vortex
lattice structure. One such property is the dHvVA effect.
The cyclotron-resonance radius R. of an electron with
the Fermi energy is generally much larger than the vortex
spacing d. Thus, R2/d*~u /270, and is large except in
the extreme quantum limit w, ~pu. These results are then
used to calculate the dHvA effect in the mixed state.
These results extend those previously obtained. We also
discuss the effect of spin splitting and the two- or three-
dimensional crossover for layered materials.

II. GREEN’S FUNCTIONS IN STRONG FIELDS

The properties of a superconductor are contained in
the ordinary and anomalous Green’s functions, G; and
F,, which satisfy the Gorkov equations’
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A =(0,Hx,0) is the vector potential in the Landau gauge
and the field is assumed uniform. The variations in the
field due to the vortex structure are of order A’ and
neglected as small. p is the Fermi energy and
®=(2n +1)m /B are the Matsubara frequencies. The spa-
tial coordinates r; =1, etc. We can rewrite the equation
for G, as an integral equation

G,(1,1'0)=G,(1,1",0)
— [d2d3Gy(1,2,0)A(2)Go(3,2, — )
X A(3)G,(3,1",0) , 3)

where G, is the normal Green’s function. In terms of the
Landau level wave functions

¢nqk( 1 )¢:qk (2)

iw_enk

Go(120)=3
n,q,k

) 4)

where €, =(n +1)o, +k?/2m —p and
¢nqk =Nneikz+iqye—(x—qIZ)Z/ZIZHn((x —qlz)/l) , (5)

where k is the momentum along the field, [ =V'c /eH is
the magnetic length, H, is a Hermite polynomial and N,
is a normalization constant.

In the mixed state of a type-II superconductor, there
will be localized excitations in the cores of the vortex
lines and excitations outside the cores. When the coher-
ence length is small, the localized excitations would not
be expected to be appreciably affected by the magnetic
field and further near H,, where the cores almost overlap
most excitations will be delocalized. The delocalized ex-
citations would be expected to have some kind of Landau
level structure which will lead to de Haas—van Alphen
oscillations in their magnetization. The cyclotron radius
R, of an electron with the Fermi energy will be much
larger than the vortex line spacing d (R2/d*~pu/w,.),
where w, is the cyclotron frequency except for extremely
large fields such that all the electrons are the lowest Lan-
dau level, a situation we do not consider. It is then ap-
propriate to average over the vortex lines and the ap-
propriate average required in (3) is

Vir —r)=C(e' " " A(r A (r)) | (6)
where the phase factor
Bri,ry)=(xy+x )y, —y ) /1

in the Landau gauge. The form of this average does not
depend sensitively on the distribution of the vortex lines
and should be the same whether we have a vortex lattice
or a disordered arrangement of vortex lines due to pin-
ning or melting of the vortex lattice. We first consider V
for a square Abrikosov vortex lattice® where

2
1
12

_ nq012
2

(7

A(r)~ Eeiqonyexp
n

Including the phase factor the expression in the brack-
ets on the right-hand side of (6) is periodic in the variable
R=(r,+r,)/2 and the averaging consists in integrating
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R over a unit cell. This gives’
Vir)=A% "2 ®)

where A is the magnitude of the gap parameter and is
determined below. Thus, in the vortex lattice the average
order-parameter correlations are short-range perpendicu-
lar to the field and determined by the magnetic length.
We now argue that the same result (8) also applies for a
disordered vortex lattice. We can construct a disordered
lattice in the same manner as Abrikosov by writing A(r)
as a superposition of states from the lowest Landau level

2
/"

where C, are random variables with (C,C})=C?,,.
This leads immediately to form (8) for the order-
parameter correlation function. The trial order parame-
ter (9) leads to a higher free energy than the Abrikosov
lattice (the Abrikosov parameter 8 ,=2). This higher
free energy could be offset by pinning.

It is difficult to interpret the order parameter (9) physi-
cally so we consider another method of constructing a
disordered vortex lattice. Using a symmetric gauge, we
can write trial solution for the order parameter

2
x—’;— , 9)

A(r)~ 3, C,e™exp
P

Alr)~e 227200 (7 —2) (10)

when z=x +iy and z, are the positions of the vortex
lines. This form for the order parameter has been used
by Brandt,'° Kogan,11 and others. We assume that these
lines are distributed at random and calculate the average
in (2.6) by averaging independently over the position of
each vortex line. Thus,

—(lz, 2+ 1z, ) /217

(A(r))A"(ry)) ~e (zyz3 +{lz, PNV,

(11)

where N is the number of lines. The radius of the system
is V'N2I? so we take |z, |*) =NI? and for large N we ob-
tain

(Alr A% (ry)) ~e B2z (12)
which reduces to (8) when the appropriate phase factor
for the symmetrical gauge is inserted. These arguments
indicate that (8) should be correct under most conditions.
In the Appendix we show that (8) can also be obtained
from the Ginzburg-Landau equations.

We now solve (3) by treating A as a random variable
with a correlation function given by (8). The problem is
analagous to that of an electron in a random potential
and, since A’ is small, we use the coherent-potential ap-
proximation (CPA). The following result makes Eq. (3)
easy to solve:

(g (DY (1=2)e ~12G((2,1, —@)|,rgi(2))
I

nnl

— A2 S —
- A ank,n’q’k’ 2 io+e B s (13)
" n,

where
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;= (n+n) 14)
nn, n!n1!2n+nl+l )

This result shows that the average of G,, which we
denote by G, is diagonal when expanded in Landau states
(5) and has the form

Brgk (1) (2)
—an(w) ’

G(12)=3 - (15)

nqk LO—E )
where self-consistency requires

Inn

— A2 !
=A% . 16
3l0)=A ; e s Enlk( ) (16)

n

Before looking at solutions of this equation we obtain
the equivalent of the gap equation for A% From (2) the
equation for the gap is

A+(2)=% S [Go3,2,—0)A (3G, Lw) ,  (17)

where A is the interaction. We multiply this by
A(1)e#'12) and average both sides as in (6) again using
the CPA approximation. This gives the equation for V'

v, 2)——2fG0

xel[¢(l,2

V(1,3)

—¢1.31G (3,1,0) . (18)

It is not difficult to show that (8) is a solution of (18) with
A? being determined by

Az_ﬁ EEG(H k w)E(n k @) . (19)
T nk o

We obtain the equation for the transition temperature by
letting A2—0 on both sides of (19) which gives

A
l=——— I .Gynk,w)Gyn'k,—w), (20)
2m1%8L nk,,z,w 0 0

which is identical with that obtained by Gruenberg and
Gunther.!

We now examine the solutions of (16). For large quan-
tum numbers, the case of lnterest when u>w,, we can

T /4n/\/4 TH and thus

In—n,|~V'n ~(u/w,)"’%. We then consider two cases.
(1) Weak fields kT > |n, —n|o,~V pw,. In this case,
in the denominator of (16) we can replace €n,k by €, and

approximate I, ~

neglect X and then

A2
2 = 21
k(@) io+e, @D
and
—(i(0+€nk)
G(nko)=—5—— (22)

o +ed, +A

which is of the BCS form and the quasiparticles have a
Landau level structure. It should be noted that this re-
sult also applies at low temperatures and low fields
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A%’>1/ o, as it goes over into the zero-field BCS form.
It also applies in the extreme quantum limit when
effectively only one term contributes in (16).

(2) Strong fields kT <1/ pw,.. We replace the sum on
n, in (16) by an integral, neglect the X in the denomina-
tor, and obtain

—y2/4nw§
3= ® dy———— . (23)
(41n) 1/2 f tcu+s e Ty
After introducing a new variable y'=y+e,, and
evaluating the integral in the low-temperature limit, we
find

172

€nk

1)

AZ

—iTw kd
172
(4mn) ‘o,

+
|w] n

(24)

c

The first term in (24) corresponds to a scattering of the
excitations by the vortex lines with a scattering rate
172
1 A2 ——
R I

Ty D

o
po,

(25)

The second term renormalizes the energy and is unimpor-
tant.

With these results we can now evaluate the gap equa-
tion. We do this in the semiclassical limit, i.e., sums on n
are replaced by integrals. The calculations are very simi-
lar to those of Gruenberg and Gunther,! who determined
T.(H) from (20), and so we omit the details and just
quote the results.

(a) Weak fields kT >1/pw,. This is the situation near

T,o, the zero-field transition temperature. When (19) is
expanded in A? using (22) we find
2: TCO_ T 7 HO,

Teo 12 (7kT)?

A
wkT

1¢(3) £3),  (26)

where ¢ is the Riemann § function. The critical H,, is
determined by the vanishing of the right-hand side of (26)
and gives the well-known result of Abrikosov.®
A’~uw,(1—H/H,,) as found by Abrikosov but does
not depend on the vortex structure because we have aver-
aged over this structure.

(b) Strong fields kT <1/ uw,. The upper critical field
at low temperatures H,,(0) can be expressed in terms of
the zero-field, zero-temperature gap A, by

Aj

1 -
" | T6pw,,(0)

+2+y=0, 27)

where y is Euler’s constant. Then, by expanding (19) in
powers of A? and using (24), we find the gap parameter at
zero temperature near H,(0) is given by

(78)* H,,(0)

8w pu

1+4 4242,
w T w

@Dp
Ho,

(28)

and the gap is of order A>~puw,,(0)[1—H /H,(0)]. wp
is the Debye frequency. From a knowledge of the form
of the Green’s functions we can evaluate various proper-
ties and in the next section we consider the de Haas-van
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Alphen oscillations in the magnetization in the mixed
state.

III. de HAAS-van ALPHEN OSCILLATIONS

In this section we evaluate the oscillatory terms in the
free energy in the weak- and strong-field limits. The os-
cillatory terms in the free energy are easily calculated by
introducing the integrated density of states determined
by Dingle'?

1
271%L

Ze)=[" de [7 de 38" —ey) . (29)
— o0 - 0 nk

The oscillatory part of the density of states is

Zo=—3 Cpcos | 2L (c+p)—ay | , (30)
p=1 @c
where d is the dimensionality and the coefficients

— a)c —

sz—(—l)"4ﬂ_3—p213 , a,=0,

(31)

=1 =T

Cp3“’( 1)['817,4‘05/213 » a3 4

In deriving these results for d =3 it is assumed that the
kinetic energy of an electron along the field is k2/2m. In
layered materials this may not be appropriate and it may
be more realistic to take

€ =(n+ 1o, —t cos(ka)—p (32)

so that the hopping between the planes has a bandwidth
2¢. In this case

2mpt
1)

W,

47’pia

Cp3=(—1)p 0 > a3=0 Py (33)

c

where J; is a Bessel function. This leads to an increase in
the magnitude of the oscillations by a factor //a and also
introduces extra Fourier components through the Bessel
function. In the limit r <w, we cross over to the d =2
result.

We now use these results to evaluate the oscillating
terms in the free energy. The interesting case is that of
strong fields where w, > kT and 2 can be approximated
by (24). At low temperature it is sufficient to calculate
the energy per unit volume which is given by
E=—t S S len+Iu@]Gnka)+2 . G4

2rl?pL S SR T o A
We will omit the last term in (34) and approximate X, in
(24) by replacing nw, by u+e,,. This is exact in d =2
and a good approximation in d =3 when the bandwidth
along the z direction is small. The reason for this approx-
imation is to express (34) in terms of €,;, so that we can
use (30). Then
172
€,k } .

(35)

o
po,

2 .
3, (@)~ A [_ ITw

Vidro (p+e,,) o]
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The last term in (35) to first order in €, leads to an
equal shift in the cyclotron frequency and Fermi energy
and thus does not have an important effect and will be
omitted. Then using (29) to evaluate the oscillatory terms
in (34) we find

—mp/o,.T,

E =

0sC

s 2—77.2&(1%—8)—01,,

c

Cde

S , (36

h~1
1M

where §=mA*/8w, u’ is a small modulation of the fre-
quency and 7, is given by (25). The amplitude is reduced
by the scattering of the excitations by the vortex lines.
The amplitude in (35) is the same as that found by Maki®
but the frequency shift is smaller.

IV. EFFECTS OF SPIN

The Zeeman energy of an electron in the field is
th=xgupH. In a normal metal the spin splitting of the
Landau levels leads to two sets of oscillating terms in the

density of states (30), i.e., C,; is replaced by
Cpa =Cpqcos(2mhp /w.). In a_superconductor in the

high-temperature case kT >V pw, the quasiparticle en-
ergies are E,; = \/F},k_-i- A’th.

In strong fields \/uwc > kT when the Zeeman energy
included the self-energy (24) is replaced by

1/2
AZ

Viarn o,

—Tw
o

o
n

znki(m)z Enk ¥ [ Oc | >

(37

where €,,4 =¢,,Th. When this result is substituted in
the Green’s function G1' =iw—g,;+ — 2.+, We see that
the quasiparticle energies have energies €, th, where
h=h(1—A%/w_ ). We thus obtain two sets of oscillato-
ry terms in place of (36) with u+h replacing p.

V. CONCLUSION

In order to observe dHvA oscillations in the mixed
state, a number of conditions have to be satisfied. Since
type-I1 superconductors are generally alloys, an impor-
tant condition which applies both in the normal and su-
perconducting states is (1) w,7> 1, where 7 is the quasi-
particle collision time. The results we have given are for
the clean case. In the dirty case, the sum in (36) should
include an extra term e ™’ which leads to an addi-
tional decrease in amplitude. The second condition
which applies both in the normal and superconducting
states is (2) kT <w,, because otherwise the Landau level
structure is smeared out. The third condition involves
the superconducting gap parameter.

From (36) we require o7, > 1 and from (25) this condi-
tion can be written

2
S - <1, (38)
oV po,

where A? is the gap parameter in the magnetic field.
From (28), A’~uw (1—H /H_,) near H,, so that (38) be-
comes
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172
£ iy PO (39)
@, c2

We can interpret this condition by putting

V'ny=H,,/(H,,—H). The number of observable quan-
tized levels is of order n, and a dHvA effect is only ob-
servable if ny>n=u/w,.. At low temperatures the zero
field gap A, is of order v/ uw,, so that (39) can also be
written

A

@

H

1—
HC2

<1, (40)

c

which is similar to the condition given by Maki.® For the
high-7, materials this appears to restrict the dHvA
effects to a narrow region near H,, or require an extreme-
ly large field. The situation is much more favorable in
the low-temperature superconductors.

It has been suggested by a number of authors that, in
the high-temperature superconductors, the Fermi-liquid
behavior breaks down. This will lead to a smearing out
of the Fermi surface and reduce the amplitude of the
dHvA oscillations. (Temperature and scattering also
smear the Fermi surface.) For example, the anomalous
normal-state properties of the high-temperature super-
conductors can be understood with the hypothesis of a
marginal Fermi liquid'® in which the electron self-energy
is frequency dependent

im
+ ) sgnw

W

ol

where A is a coupling constant and @, some cut-off fre-
quency. At low temperatures kT < @,, the first term on
the right hand side of (41) leads to a reduction in the am-
plitude of the dHVA oscillations with integer p by a fac-
tor [1+Alog(2mpwy/w,)] ! if @y> w,. The second term
on the right in (41) affects the phase of the oscillations.

3(w)=ilw | In , (41)
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APPENDIX

In this appendix we show that the order-parameter
correlation function (8) can be obtained from the
Ginzburg-Landau (GL) equation and that the average

current is zero. The GL equation for the gap parameter
-7

1 I.—T

r1)+E T A(rl)

—BI|A(r))?A(r;)=0,

where B, =[7£(3)/6(wT,)*]u and B=3p.

We multiply this by A*(r,) and average supposing that
A is a Gaussian random variable which allows us to fac-
tor the quartic term. This leads to an equation for the
correlation function C(r,r,)={A*(r,)A(r,)) which is

(A1)

1 T.—T

B L Tc

1

4m

2ie
Vl—?Al

—ZBAZ C(rlrz):O ’

(A2)

where A?=C(r,;r) a constant. The solution is easily
shown to be

. — —r )2 12
Clr ry)=A%"¥e R (A3)

in agreement with (8) with A2 being determined by (25).
The current is given by

J(r)~ %(VZ—VI)A*(Z)A(I)

ry=ry=r

2
— 2T AP AK . (A4)
m
When this is averaged supposing A is due to a uniform
field {(J) =0. This justifies the neglect of variations in the
field and the approximation of A by the vector potential
of a uniform field.

L. w. Gruenberg and L. Gunther, Phys. Rev. 176, 606 (1968).

27. TeSanovi¢, M. Rasolt, and L. Xing, Phys. Rev. B 43, 288
(1991).

3R. S. Markiewicz, I. D. Vagner, P. Wyder, and T. Mariv, Solid
State Commun. 67, 43 (1988).

4J. E. Graebner and M. Robbins, Phys. Rev. Lett. 36, 422
(1976). '

SM. J. Stephen, Phys. Rev. B 43, 1212 (1991).

SK. Maki (unpublished).

7A. A. Abrikosov, L. P. Gorkov, and I. E. Dzyaloshinski,
Methods of Quantum Field Theory in Statistical Physics

(Prentice-Hall, New Jersey, 1973).

8A. A. Abrikosov,. Zh. Eksp. Teor. Fiz. 32, 1442 (1957) [Sov.
Phys. JETP 5, 1174 (1957)].

9U. Brandt, W. Pesch, and L. Tewordt, Z. Phys. 201, 209 (1967).

10F, H. Brandt, Phys. Status. Solidi B 77, 105 (1976).

11y, G. Kogan, J. Low Temp. Phys. 20, 103 (1975).

I2R. B. Dingle, Proc. R. Soc. London, Ser. A 211, 500 (1952).

13C. M. Varma, P. B. Littlewood, S. Schmitt-Rink, E. Abra-
hams, and A. E. Ruckenstein, Phys. Rev. Lett. 63, 1996
(1989).



