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In an external magnetic field and near the transition temperature T ,(H), bulk and thin-
film superconductors exhibit an effective change to one- and zero-dimensional behavior
in their fluctuation specific heats, which diverge like (T/Tg,—1)"%? and (T /T, ~1)7%,
respectively. This enhancement effect is accompanied by a field-dependent broadening

of the critical region.

The fluctuation specific heat of clean bulk super-
conductors is not expected® to be observable until
(T -T,,)/T.,=10"'. The situation improves with
dirty samples and thin films, and fluctuation spe-
cific heat in extremely dirty films has recently
been observed by Zally and Mochel.? In this note
we would like to study the effect of a magnetic
field on these fluctuation phenomena.

The basic physical idea is the following. In a
uniform field the fluctuating Cooper pairs may be
thought of as moving in Landau orbits of helical
motion characterized by £, and n. The transition
temperature T ,,(H) is the temperature at which
the n=0 Landau orbit becomes stable, giving rise
to the vortex state. Slightly above T,,(H) one
would expect the lowest orbit n=0 to dominate the
fluctuation contributions since the n#0 states cor-
respond in some sense to more distant transition
temperatures. As a result only one degree of |

freedom remains, namely, that along the z direc-
tion; and a bulk superconductor behaves like an
array of one-dimensional rods parallel to the
field, with the number of rods per unit area giv-
en by 2eH/2nfic, the Landau degeneracy factor.
The fluctuation specific heat is then proportional
to the field and becomes one-dimensional in na-
ture, diverging within the mean field theory like
(T/T,,-1)"%*? as compared with a (T /T, ~1)"1/2
divergence in the absence of a field. This results
in a substantial enhancement of the specific heat
close to the transition temperature.

With this physical picture in mind we next out-
line a calculation of the fluctuation specific heat
in the Ginzburg-Landau (GL) approximation. We
will begin with the assumption that the free ener-
gy for creating a particular fluctuation of the or-
der parameter A(T)=x{{4(F)P(F)), where A is the
BCS coupling constant times volume, is given by

FEAN = [@rNO)[eolal 2+ £2(0)I(V/i + 2¢A /lic) Al % +alal 4], 1)

where £(0) is the usual GL coherence length at zero temperature, €,=1n(T/T )= (T = T;,)/T

and a

=17¢(3)/(4nkT)?. Outside of the critical region we can neglect the alA|* term in Eq. (1). Following
Schmidt® and Schmid,* we obtain the fluctuation contribution to the partition function Z’ by doing a func-
tional integration over all possible fluctuations in the order parameter,

2'= [D{A(®)} exp[- F(AD/4T] .

(2)

In the absence of a magnetic field A(F) can be expanded in terms of plane waves and the functional in-
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tegral in Eq. (2) readily performed. We obtain the fluctuation contribution to the free energy,
Fr=kT 335 In{N(O[€,+ £2(0)i?] }. 3)

This expression can also be obtained microscopically.® In the presence of a field H, the electron
pairs can be thought of as falling into Landau orbits and A(F) should be expanded in terms of Landau
states (Tln, k,,q), where

(/i +2eR/ic)¥(r\n, k,, q) =[R2+ (4eH/Mc)n+3)| (rin, by q) . 4)

It has been shown that this procedure is valid even in the presence of a strong field, when Eq. (1) no
longer holds.® Within the GL approximation the functional integral in Eq. (2) can again be done and we
obtain

By = AL 5 1o N (O)A[eo + £%0,2+ 20l + )]} (5)
2mlic kon

where 2AeH/277ic is the Landau degeneracy factor coming from the sum over ¢, with A being the area

of the sample perpendicular to the field, and /= £%(0)(2¢H/%c). The field at which a divergence first oc-

curs in Eq. (5), i.e., for n=k,=0, defines H(T) and the parameter % has a simple physical meaning:

h=HIT (8H ,/0T) 7, ).

(6)

Introducing €,=In[T /T ,,(H)] and using the fact that at the transition In[7,,(#)/T )=k, we rewrite

Eq. (5) as

Fy' =ME In{N(0)A[€ g + £%(0)k,2 + 2hn]} .
27hic kyn

The fluctuation specific heat per unit volume is

given by C4(T)=-(T /V)82F'/aT?2, Keeping only

the part that is most rapidly diverging as €5~ 0,

we obtain for a three-dimensional (3D) sample,

after performing the £, sum,

CulT)= (/8T E0) 1 35 (€5 + 2)™ ™2 (8)

Within the GL approximation we see that £(0)C,
is a universal function of the dimensionless vari-
ables £ and €y for arbitrarily dirty samples. A
more careful treatment, taking higher orders in
the field into account, gives universality only in
the clean and dirty limits. For a given €4 and a
sufficiently weak field such that 2k <€y, the sum
over n can be converted to an integral and we re-
cover the result of Thouless® and Aslamazov and
Larkin,”

Cr=o(3D)= (k/87)£(0) %¢,™*"2. (9)
However, for a fixed 2 and a temperature close
to T, such that 22 >¢€,, the n=0 term in Eq. (8)

dominates as anticipated in the physical argument
earlier and

Cu(3D)= (k/87)E"3(0)he 5~ ¥/2. (10)

On comparing Egs. (9) and (10) we see that as
long as 2/ >> €y the specific heat for a given dis-
tance from T,,(H) is enhanced in the presence of
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a field by the factor h/ey. For h=0.28 a rough
estimate indicates that for clean niobium,® the
fluctuation and normal electronic heat capacities
are comparable for €4;=10"% in contrast to €,
~107" in the absence of a field.' In two dimen-
sions with field perpendicular to the film, the
same argument again shows an k/€y enhancement.
The fluctuation is now zero-dimensional in na-
ture, the k, degree of freedom being suppressed.
We obtain for a film of thickness d

EXOW, .ok (2eHY, -,
Bd CH _2nd(ﬁc>€” Y

In view of the fact that the zero-field specific
heat for a dirty film has been observed experi-
mentally,? this enhancement and effective change
in dimensionality should be easily observable if
the experiment of Zally and Mochel is repeated
with a magnetic field perpendicular to the film.
The above analysis has been based on the GL
approximation which is valid only for weak fields
h<<1. To make sure that our conclusion remains
valid for moderate fields, we have calculated the
specific heat for clean bulk samples in a strong
field, using the formalism developed in Ref. 6
for the fluctuation magnetization, which enables
us to keep all higher order terms in V/i +2eA/lic

Cy(zD)=




VoLuME 28, NUMBER 16

PHYSICAL REVIEW

LETTERS 17 ApriL 1972

w
o
T
\\
B
®
|

ag3Cy(T)ey % 10" erg/K
5 8

| | | |
00 02 .04 .06 08 1

€H

FIG. 1. Heat capacity per unit volume, Cy(T), of
clean bulk superconductors, multiplied by e 5*/2, ver-
sus €5=In[T /T ,(H)] for different values of magnetic
field. The parameter & is defined in Eq. (6), and @,
=T /ATET =0.44,T . /T. (For strong fields, T is suf-
ficiently different from T, that the introduction of a
temperature-dependent q; is necessary.) The dashed
line is the Ginsburg-Landau prediction for the small-
€y limit for the respective field strengths.

that have been dropped in Eq. (1). In Fig.1 we
show the specific heat multiplied by €,%2 for var-
ious magnetic field strengths. [The numerical
calculation has been terminated at €5 =0.01 be-
cause for smaller €, the graph becomes extreme-
ly sensitive to the value of T,,(H) which has to be
obtained numerically. There is no doubt, how-
ever, that the level trend will continue until we
reach the critical region.] The GL results are
also shown for comparison. For a moderate
field one can clearly see the change from an €,"
behavior (flat region) to an €,"'/% behavior (lin-
ear region) for €42 0.08. Comparison with the
straight line labeled =0, which is the zero-field
GL result given by Eq. (9), clearly shows a sub-
stantial enhancement of the specific heat close to
the transition. We also find that the effect of non-
local electr_odynamics,9 which gives rise to a
large suppression of the magnetization in moder-
ate fields for clean superconductors, plays no im-
portant role for the specific heat. Details of this
calculation will be presented elsewhere.

From the physical picture it is clear that this
change in dimensionality will occur for other
physical effects, like the electric conductivity in
bulk samples parallel to a magnetic field. This
latter problem has been discussed by Maki,'°
Mikeska and Schmidt,** and Usadel'? in connection
with the anisotropy of the fluctuation conductivity
parallel and perpendicular to a magnetic field.'®

3/2

Since the nature of the fluctuation is changed
rather drastically when a field is applied, one
might expect the width of the critical region to be
affected also. We expect that the critical region
will be broadened and we have to make sure the

" broadening is not so large as to invalidate the

above discussion in the temperature region in
which we hope to obtain large enhancement of the
specific heat. The critical region is the tempera-
ture interval € < €, close to the transition temper-
ature where the interaction between fluctuations
may no longer be neglected. Since the alA|* term
in Eq. (1) may be interpreted as the free energy
contribution due to such fluctuation interactions,
we can calculate following Ferrell'* the param-
eter €, by equating the first two terms in Eq. (1)
with a|A|* calculated in a Hartree-type approxi-
mation, i.e., with alal?~ a{lal?)]al?, where the
angular brackets denote an average in the sense
of Eq. (2). After some straightforward calcula-
tions we obtain in the dirty limit the following es-
timates for €, in two and three dimensions in the
presence of a field:

€,(3D) = h*3 (ko) % (k)™ (12a)
€, (2D) = nM (ke y2ld)" '3, (12b)

where ! is the mean free path and d is the film
thickness. This is to be compared with the ex-
pression obtained by Ferrell in the absence of a
field

€.(3D)= (k&) (kpl)3, (13a)

€.(2D)= (k(3d)™" . (13b)
It is interesting to note that €, both with and with-
out a field can also be identified as the € at which
the fluctuation-induced specific heat is of the or-
der of the jump in specific heat at the second-or-
der phase transition.

For the experimental situation of Ref. 2, €, is
estimated from Eq. (12b) to be 10”2 with the ap-
plication of a moderate field 2=0.1. With this
magnetic field and for €,>10"2 we expect our pre-
vious analysis to apply, and one should observe a
€4 2 behavior. For €,>0.1 the €,™! behavior
should be recovered. On the other hand, compar-
ing Eqs. (12) and (13) indicates that the applica-
tion of a magnetic field has the effect of broaden-
ing the critical region. Furthermore, the width
of the critical region can be controlled by varying
the field. Application of a magnetic field may
then prove to be a useful way to probe and study
the critical region in greater detail.

Ip, J. Thouless, Ann. Phys. (New York) 10, 554
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The valence-band structures of MnO, CoO, NiO, Cu,0, CuO, and ReO; have been ob-
tained by x~-ray photoemission spectroscopy. It is found that in every case a narrow
metal d band lies above the center of the oxygen 2p valence band,

The transition-metal oxides exhibit a wide va-
riety of electric and magnetic properties!: There
are magnetic insulators (e.g., NiO), compounds
with a metal-to-insulator transition (e.g., V,0,),
and metals (e.g., ReO,), This wide variety
makes these compounds an attractive subject for
a systematic study of magnetic and electric prop-
erties. The most basic information required
for an understanding of these properties is their
band structure. Adler,! in a recent review of the
properties of the transition-metal oxides, has
shown that this knowledge is still incomplete,
even in the most thoroughly investigated case,
that of NiO. In fact, two different theoretical ap-
proaches'? yield quite different band structures,
clearly indicating the need for reliable experi-
mental information. In this note we provide data
which, for the first time, locate the O(2s), O(2p),
and 4 bands of a number of transition-metal ox-
ides quite accurately. We also show that x-ray
photoemission spectroscopy (XPS) must be used
with care even in the valence-band region because
of the occurrence of multielectron excitations.

The XPS spectra were recorded with a Varian
IEE 15 spectrometer, operated with Mg Ka ra-
diation at a linewidth of 1.2 eV. Samples consist-
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ing of thin layers of MnO, CoO, NiO, and Cu,0
were produced directly on the corresponding
metals by exposing them to air under conditions
such as to assure the formation of the desired
oxide.® As a cross check we ran a sample made
up from freshly crushed green NiO crystal mount-
ed on double-sided Scotch tape. It gave results
identical to those of NiO grown on Ni except for

a charging shift of about 3 eV. The spectra of
CuO and ReO,4 were obtained only from Scotch-~
tape—mounted samples. Figure 1 shows the typ-
ical valence-band spectra of the rock-salt-struc-
ture oxides MnO, CoO, and NiO; Fig. 2 shows
the spectra of CuO, Cu,0, and ReO,. To facili-
tate comparison, the energy scales have been
normalized to the O(2s) lines in each case.

The position of the Fermi energy shown in the
figures has to be viewed with some caution. The
Fermi energy of the instrument was determined
from Ag and Au valence-band spectra. For the
oxides produced directly on the metals there
should be negligible charging effects; neverthe-
less, it is not certain that the concept of Fermi
energy applies to a thin film of insulator or semi-
conductor under x-ray bombardment. The Fermi
energy for CuO has been tentatively assigned the



