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Abstract, The mean-field electrenic specific heat C, of a superconductor in the
presence of a magnetic field is first calculated. The model contains the following as
ingredients: ap energy spectrum presenting saddle points in the band structure, a
Josephson coupling between CuO planes and a d2_,2 gap symmetry,
Superconductivity fluctualions are next extracted from published data on the
specific heat of a YBapCuzO;., and of an HgBa,Cay,CusO; single crystal. Critical
XY and Gaussian regimes are deduced from mean-field calculations. Magnetic field
cross-overs are evaluated and physical parameters such as the Ginzburg-Landau

number and the distance between CuO planes are calculated as tests.

1. Introduction

Much experimental and theoretical work pertains to the
consideration of fluctuation effects on the transport and
static propertics of high-7. superconductors [1}. Since
high-T;. superconductors are characterized by a small
coherence length and a rather high critical temperature,
those fluctuations are very relevant for understanding the
basis of such materials, the more so because several regimes
can be observed in the magnetic field-temperature plane.
Figure 1 shows the different fluctuation regimes that are
thought to be observed in the B-T plane, namely critical
XY, Gaussian and lowest Landau level (LLL) regimes.
The dotted line represents some expected behaviour of the
~ critical temperature 7, versus the magnetic field B. Several
effects occur along such a line. In particular, for B = 0,
the specific heat has a jump in most low- and high-7.
superconductors.

In the work reported in this paper, we have studied the
behaviour of the jump of the electronic component of the
specific heat as a function of the magnetic field for various
high-T, superconductors. Information will be provided here
about the critical field along the dotted line in figure | as
examples of regime cross-overs in magnetic ficlds,

In order to do this, fluctuation contributions to the
electronic specific heat of a YBa,CuyO;_, single crystal
from {2] and for an HgBa,Ca,Cu; O single crystal from [3]
should be extracted after subtraction of the phonon term and
the most appropriate ‘mean-field’ background. Magnetic
field cross-over between the XY critical and the LLI,
Gaussian regimes will be found, as will any dimensional
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Figure 1. Schematic display of the different fluctuation
regimes in the BT plane. The dotted line corresponds to
some behaviour of the critical temperature versus the
magnetic field T,(8).

cross-over if it occurs. Physical parameters such as the
Ginzburg-Landau ratio x and the penetration length A,
can be deduced and found to be in good agreement with
previous results from the literature,

In section 2, the theoretical model is described. The
extraction and the discussion of the fluctuation contributions
are reporied in section 3. Finally, conclusions are drawn in
section 4.
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Figure 2. Skeich of the decomposition of the rough data of
the electronic specific heat C, g1 into a mean-field
contribution C, ¢ and a fluctuation contribution G, syer
Other notations are readily defined.

2. Theoretical model

In figure 2, a schematic experimental result of the
measurement of the electronic specific heat is presented.
The electronic specific heat versus the temperature can be
decomposed as

Cetotat = Ce.mf + Ce‘ffucr 1

where C,¢ is the so-called mean-field contribution and
Ce. fiues 15 the so-called fluctuation part [1].  Cesprat is
supposed to be obtained after subtraction of the phonons
contribution,

Fluctuation contributions to the specific heat are known
to follow a power law behaviour [4] depending on
the symmetry of the order parameter and the system
dimensionality. The experimental determination of the
exponent will thus allow us to determine in which regime
the system exists. Therefore the first part of the study
of such exponents consists in calculating the mean-field
contribution to the specific heat. Then the fluctuation
contribution is obtained by subtracting this mean-field
contribution from the global electronic specific heat.

The calculation of the field-free electronic specific heat
was developed in a previous paper {5]. The electronic
specific heat is found from

JE(T k)

Ce‘rrxf:fE(Ts k)T {2)

where E(T, k) is the quasipariicle spectrum defined by
(T k) = {letk) — e+ 8T,k B ()

where e(k) is the band structure, ¢ is the Fermi energy
and A the gap energy.

A 3D band structure that includes an energy coupling
J between CuQ, layers is used, namely

T2
etk) —er = #kxk}. + 7 cos(k,s) @
ab
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as in the Lawrence—Doniach model [6] where my, is the
effective mass in the plane and s the space between the
copper oxide planes. The coupling energy in the z direction

J is defined by

M 12

=2 (i) )
sy mab

where y is the anisotropy parameter defined by
(nt/me )% where m} is the cffective mass in the ¢
direction. Therefore we can use equation (4) to describe
cither 3D or layered 2D compounds according to the value
of J,

To take into accoumt the magnetic field influence on
the jump at 7,, namely a decrease in amplitude and a
shift towards the low lemperatures as observed in [2,3],
the magnetic field dependence on the critical field and on
the gap energy has been considered. As for the critical
temperature, considering the temperature dependence of the
upper critical field B,, in the d-wave case [7], the following
empirical formula is used:

B 1%}¢
(B) = T.0) |1 — | 6
7.(B) T@{ [h@J] ©)

where T.(0) is the critical temperature without a field and
B (0) is the upper critical field at 0 K. Our analysis of the
data of [7] shows that the exponents « and B are best taken
equal to 0.89 and 0.56.

The energy gap A is dependent on the temperature
T, the momentwn k and the magnetic field B, In a first
approximation the energy gap can be factorized into

AT, k, B) = A(TYA(RYA(B) N

where A(T) is described by

_ 172
A{T) = A0, 0) tanh {a [Eg%—yl] } (%)

where A(0,0) is the zero-temperature eneigy gap in
absence of a field and o = 2.2 [8]. A{k) is given by
[9} o

Alky =k} — & ©

where ky = ke/(r/a) and ky = k,/Gr/b). Finally, the
magnetic field dependence of the gap energy is deduced
from penetration length considerations {10] to follow

A (Byoex ] —

nag

{10}

B(0)

In the d-wave case, equations (2)-(10) together describe
the theoretical mean-field approximation to C,,y. The
physical parameters appearing in equations (2)-(10) are to
be fixed to typical values found in the Hterature.

The statisiical physics model to be used in the
fluctuations regime differs according to the temperature
range and the applied magnetic field value B which is
considered (figure 1). In a magnetic field, Landau levels
are created in the solid {11]. The energy spectrum of those
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levels is analogous to the solition of the harmenic oscillator

{ty
E, = (n + Hho, (11)

where w, is the cyclotron frequency eB/m* with m* the
effective mass. These levels are further separated with
increasing field. If the temperature (k5 T) is smati compared
with the difference between the first and the second Landau
levels (fiw,), nearly all electrons are found on the lowest
tevel. The triangular shape of the LLL regime in the 8-T
plane is explained by the difference between k7 and ho,
(figure 1). The system can then be described in terms of
wavefunctions corresponding to the lowest level (n = 0}
only and fluetuations calcutated with those functions in
a Gaussian-like treatment of the fluctuations. At low
fields, a Landau Jeve! deseription seems less appropriate
since because of thermal fluctuations the charge carrier
populations in each level interact with each other. Close to
the critical temperature and for low fields, an XY critical
regime is thus thought to be observable. A cross-over ficld
should also exist between the XY critical and the Gaussian
regimes [12} as indicated in figure 1.

In the Lawrence—~Doniach model {6] without magnetic
field, fluctuations exhibit a dimensional cross-over at a
temperature Tipap [1]. A cross-over Bip.,,p field
similarly exists between the 3D and 2D regimes in a
field. Below Bip.,p, the 3D regime describes fluctuations
associated with vortices that extend to several Iayers. In
the 2D regime, vortices arc Jocated on one layer onty.
The transition from 3D 1o 2D corresponds to the transition
between a vortex liquid and a solid lattice of vortices f13].

Cross-overs between the different regimes are thought
to oceur and to be detectable through electronic specific
heat measurements,

Let AC, o be the measured Jjump and AC, .z be the
calculated mean-field contribuwtion to the jumnp.

in the XY regime [14], the jump AC, siye due to
fluctuations (figure 2) is given by

ACy pruct = AC,porat — ACo s = ACyy x B2 (12)

which exists only in 3D sysiems [14].
For the LLL regin}es [15], the relevant value is the
novmalized quantity AC, frue

Aée.ﬂuu = Cf.ﬂm'r - Ce.mmi' - Ce.mf . (13)
Acu.mf Ace.mf

This ratio depends on the magnetic field in different
ways according te the dimensionality of the system [15],
namely

ACipy o B2 {14)

and N
AC;;D(‘ o Bﬁl (15)

in the 3D LLL and 2D LLL cases respectively. Notiee the
different power laws.

Different criteria exist in order to separate the different
regimes, namely the critical and the Gaussian regions and
the 3D and 2D regimes. First let us recat! the Ginzburg—
Levanyuk number G; {1} given by

1 2[ kpT.(0) ]2

27 [ HAO)E3(0)

5 (16)
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Figure 3. Experimenial data of the magnetic field B
dependence of the criical temperature T, # (a) In
YBa,CusO;_« {2] and (b} in HgBayCapCuszOs [3]. The full
lines represent the fit with equation (6).

where H.{0) is the thermodynamic field separaling the
critical temperature regime from the Gaussian regime.
The cross-over field Byy ,Gaussian belween critical and
Gaussian regimes is simiarly defined as equal to B, G;.

Klemm {13] has found a dimensional cross-over for a
magnetic ficld Bipap given by

(17

where ¢ = 0.345 80/0.091 33y, 5 and y have been defined
for equation {4) and equation (3) and Py = fref2e is the
flux quantum.

3. Discussion of experimental data

The physical parameters generally found in the literature for
YBa;Cu30y_; and HgBa,CayCu;Og are given in table 1,
and J is calcutated from equation (5), 7.(0) and B.(0)
have been found by fitting the experimental curve of T.{B)
with equation (6} (sce figure 3). The fitting parameters
are displayed in table 2. As the Hg-1223 is not fully
oxygenated [3], some uncertainty remains about the value
of the gap ampliude A(0,0). The well-oxygenated
compound should have a 48 meV gap [16). The values
that we have chosen are near 20 meV. They are those which
best fit the high-ficld data so that the experimental and the
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Table 1. Physical parameters of a fully oxygenaled YBa,Cuz0r_, and a HgBayCaxCuy0y compound. The interplane
exchange energy J is calculated from equation (5).

A{Q,0) (meV) s (pm) m; () J {meV) T. (K}

YBasCus0r_y 25 [16} 06(17] 5{t8 12(18f 20 90 [18]
HgBa,Cas;Cus0s 48 [16) 1.6{19] 1620} =~4 35 134 [18)

Table 2. Critical temperature T, and upper critical field B
of the YBayCusOy_, compound from [2] and the
HgBa,CaCusOg compound from [3] as oblained by a fit of
the experimental data with equation {8).

T (K} B={(T)

YBasCusOy_y {2} a7 87
HgBa,Ca,Cus0g [3] 111 101.8

mean-ficld contributions in the high-fietd range have the
sante asymptotic behaviour and value.
Let us define the normalized specific heat jump

Al = ACe.mmf/C{‘u(Tc) (]8)
and the mean-field normalized jump
ACe.m{/Ce.n(Tc] “9)

where C., is the non-supcrconductihg specific heat just
above T. (figure 2). In figure 4, the experimental data
{circles) for AC., arc compared with the mean-field
normalized jump AC nus/Cen {breken line) versus the
magnetic field. The full line is an arbitrary imerpolation
through the experimental points as a guide to the eye. The
YBa,CuaOy_, case is considered in figure 4{a). The data of
figure 4(k) from the Hg-1223 compound is compared with
wwo different mean-field backgrounds, namely for A(0, 0},
see equation (8), equals 20 meV and 21 meV (figure 4(b))
1o take into account some materiat content uncertainties {3}
as indicated above.

Under a magnetic field, the fluctuation contribution to
the electronic specific heat can be rather huge as compared
wilh the field-free mean-field jump. In fact, scveral authors
neglect this mean-field part of the electronic specific heat.
However, the mean-ficld specific heat cannot be neglected:
it is about 60% for a 3D compound such as YBayCuaOz,
{figure 4(a)). In 2D compounds such as Hg-1223, the
mean-field specific heat is about 20% of the total specific
heat (figure 4(b)).

After the mean-lield magnetic-field-dependent brck-
ground is taken into account, fluctuations can be better ex-
tracted. The fluctuation contribution 1o the jump AC, s,
see equgtion {12), and the normatized fluctuation contribu-
tion AC, fruer, S0€ quation {13}, versus the magnetic field
are represented in a log-—tog plot so as to study the critical
exponents in a classical way {4].

These results are shown in figures 5-7 for the
YBa,CuzO7; and the HgBayCayCuaOg compound with
A0, = 20 meV and A(D,0) = 21 meV respectlively.
The full circles and squares represent the data and
the opened ones the interpolation rcsulting from the
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Figure 4. Comparison between the experimental
normatized specific heat jump ACsq = ACs il Cen and
the mean-field normalized jump {a) in the ¥BaCuaOr_x
and () in HgRa;Ca,CuzO; for different mean-field
backgrounds, i.e. either with A(Q, 0) = 20 meV or with
A0, 0) = 21 meV as indicated. The full circles are the
experimental data, the broken lines represent the
mean-field behaviours and the fuli lines the fit of the
axperimental data with an exponential taw.

experimental data. The circles refer to equation {12) and
the left-hand scale on figures 5-7. The squares result from
equation {13) and are tinked to the right-hand scales on
figures 5-7,

In figure 5, a straight Hne with slope —0.5 is found in
the magnetic field range between 3 T to 7.7 T for ACe, fluct
in the YBayCusO_, sample. This is characteristic of
a critical regime as described by equation (12). ‘The
exponent —0.5 is also observed from 7.7 T 1o 14 T for
AC";V fluce Televant to o 3D 1LL behaviour as described by
equation (14). That means thal the fluctuation contribution
cross-over between a 3D XY and a 3D LLL reginie occurs
for a critical field Byy-.Ganssian egual to 7.7 T.

For the Hg-1223 sample, figure 6 presents the
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Figure 5. Fluctuation contribution to the jump AC, 5.y and
fluctuation eontribution to the jump divided by the
mean-field contribution to the jump AL, 4. versus the
magnetic field in a log-log graph for the YBayCuz 0y,
sample [2},
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Figure 8. Fluctuation contribution to the jump ACq pugy and
Huctuafion contribution io the jurnp divided by the
mean-fisld contribution to the jump Aés.m,c,. versus the
magnstic field for the HgBa, CasCu,0, sample [3] with a
mean-figld background with A0, ) =20 maV.

fluctuations relative to a background taken with A0 =
20 meV. An exponent —0.5 is found for AL, s between
0.7 T and 2 T. On the other hand, a power law wiih
an exponent —0.5 fits the interpolated experimental curve
for AC, f1,e; in the range between 0.8 T and 2.1 T. The
exponent —1 is also observed for fields greater than 2.1 T
in AC, fruer. Thus from equations {12)(15), a Cross-over
between a 3D XY regime and a 3D 1L regime oceurs at
2 T and another one between a 3D LLL and a 2D ELL
regime at 2,1 T. To sum up, the system which is 3D XY
at low field becomes 3D LLL at 2 T and crosses over to a
2D LLL regime at 2.1 T,

As far as the background with AM,0) = 21 meV is
concerned (figure 7), the exponent of the power law is —0.5
for AC,. Fiucr i the range 0.6-1.9 T. A Cross-over between
cxponents —0.5 and —1 ocewrs at 1.9 T for Aéﬂf{ua.
Therefore the 3D LLL zone does not seemn to exist and
the system directly passes from a 3D XY toa 2D LLL at
19T,

Thus, the eritical fields between the critical and
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Figure 7. Fluctuation contribution 1o the jump AC, 5. and
fluctuation contribution to jhe jump divided by the
mean-field contribution to the jump A Cy puet Versus the
magnetic field for ihe HgBa,CaaCuiz 0, sample [3] with a
mean-field background caleulated for A0, 0) =21 meV.

Gaussian fluctuations and between 3D and 2D systems are
very close o one another in this A€0, 0) = 21 meV case,

The Ginzburg-Landau factor can be deduced from
cross-over fields from equation (16} and is found to be & =
139.64 in the YBa,Cu:0;_, case, thereby giving a Londan
penctration depth equal to 181.5 nm for £(0y = 1.3 nm
[21}.

For a critical 2 T field, from cquation (16), & becomes
49.11 and 3, = 785.77 nm for £(0) = 16 nm [19] in the
HgBa;Ca,Cu30; case, Using equation (17), the space s
between the Cu0, Planes is cateulated and is found to be
equat to 2.1 nm.

The values of «, Xp and 5 are close to the values
found in the fiterature in both high-T,. superconductor cases,
recalling that the cxamined H -1223 compound was not
well oxygenated,

4. Conclusions

Alter subltraction of the theoretical values of the mean-field
contribution caleulated for a high-T, superconductor mode]
considering saddle point singularities near the Fermi level
and a d-wave &ap parameter, superconducting fvctuations
have been extracted and different regimes have been
observed as a function of the magnetic ficld in the electronic
specific heat of a YBa,Cuz0y_; and an HgBa,CayCuz0p
single crystal.

In the YBayCu0y_, case, the fluctuation comiribution
exhibits a 3D behaviour at low field while a cross-over
oceurs for Byy_Gaussinn al 1.7 T. The 2D LLL is not
observed in the studied range of magnetic field.

For the HgBayCayCuz 05, we cannot determine whether
a 3D LLL regime exists. However, the range of B where
the 3D LLL regime could oecyr is likely to be small. The
2D LLL regime is well observed above 2.1 T. More and
better data concerning the jump of the specific heat would
be of interest here.

Physical parameters deduced in the above are in good
agreement with other results found into the literature and
confirm the goodness of the data analysis method,
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The above considerations should of course be
corroborated by other data, on other saraples, but also on
other properties such as the thermal conductivity [22] or
the electrothermal conductivity in a magnetic field [23]
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