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We suggest that the transition to superconductivity in a single crystal @fkBaBiO; with 7, =
32 K, and having critical fields with anomalous temperature dependencies and vanishing discontinuities
in specific heat and magnetic susceptibility, may well be an example of a fourth order (in Ehrenfest's
sense) phase transition. We have derived a free energy functional for a fourth order transition and
calculated (for the temperature ran@e/2 < T = T,) the temperature dependence of the critical
fields. We findH,(T) « (1 — T/T.)?, Hy(T) = (1 — T/T.)?, andH,(T) « (1 — T/T,)" in general
agreement with experiments. [S0031-9007(99)09255-8]

PACS numbers: 74.20.De

In the Ehrenfest classification of phase transitions [1], ai{l — 7/T.)>. Since for amth order phase transition, the
nth order transition is described by continuous derivativesgritical field has an exponent of/2, the transition here
with respect to temperature and a mechanical variableust be offourth order in the sense of Ehrenfest.

(for example, a magnetic field or pressure) up to order Further support for this assertion comes from the tem-
(n — 1). Thenth order derivatives are discontinuous. Soperature dependence of other critical fields. In particular,
far, however, only first and second order transitions haveve find experimentally that the lower critical field, the

been observed. There are no known examples of transiield which separates the Meissner state (no flux in the
tions higher in order than two. sample) from the Abrikosov state (partial flux penetration

We report below what appears to be an example [2] of an the form of a vortex lattice), depends [3] on temperature
fourth order phase transition. In the course of measuring@sH,(T) « (1 — T/T,)? as shown in Fig. 2. The upper
[3] the magnetization of superconducting (BK(4BiO3 critical field, which separates the Abrikosov state from the
(BKBO) [4], as a function of a magnetic field (up to 27 T) normal state is measured to He,(T) « (1 — T/T.)'?* as
and temperature (1.3 to 350 K), we were surprised to finghown in Fig. 3. This fact leads to an anomalous result,
no evidence of a discontinuity in the magnetic susceptibilspecific to this higher order phase transition. For a BCS
ity. While this was an anomalous property, it was con-
gruent with the other mystery about BKBO that there is
no discontinuity in specific heat either [5] &. Since in
a second order phase transition, the boundary between the
normal and superconducting phases satisfies
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with both AC and A y vanishing, a question arises con- &
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cerning the order of this transition. =

The answer is provided by the thermodynamic critical 600
field Hy(T). Since in the superconducting state [6], the
thermodynamic critical fieldH(7'), isgivenby 0 < H < 400
He), M - dH = —H§/87. This is the free energy of
the superconducting state that is derived from the experi- 200

mentally determined(H,T); thus, in case of a second
order phase transition, should have the temperature de- . . !
pendenceF(T) = —H3 /8w « —(1 — T/T.)%. That is, 1- /1,

Hy(T) WOUI_d be linear m(l — T/To), apgrt from criti- .. FIG. 1. The values of the thermodynamic critical field
cal fluctuation effects which lead to a divergent specificy, are plotted here as a function df — T/T.. H(T) =
heat. As shown in Fig. 1, witlf, = 32 Kand Hyo(T) «  0.509(1 — T/T,)'807=0052 tesla, withT. = 32 K.
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. sition. Once we include the interaction of the supercon-
ductor with the magnetic field in the usual gauge invariant
. form, we also can derive the temperature dependencies of
the critical fields. These results are in full accord with the
200 experiments.

The free energy is derived following the requirement
of a fourth order phase transition, viZ(T) = —f,(1 —
T/T.)* as a function of temperature. The free energy
is in the spirit of a Ginzburg-Landau (GL) functional
100 4 which is minimized with respect to the complex order
parametery = Ae’?. The value at the minimum then
50 is the thermodynamic free energy. The first two terms
7 are self-evident. Indeed it is important that the terms

proportional tol|> and [¢|* be not present. The form

oo 02 o4 06 08 of the spatial gradient term is also determined by the same

1- 11, considerations. The term below is the one with the lowest

power of gradients. Higher power of gradients such as

FIG. 2. The lower critical fieldH., is plotted as a function |y, v2y|2 and|V*|* are possible but they contribute higher
of 1 = T/Te. Ha(T) = 0.0955(1 = T/T)"" """ teslawith  orqer nonlinear contributions of the magnetic field and
T. = 32 K. Below roughly T = T./2 the data are approxi- - .
mately linear. therefor_e are unnecessary for a sta_blllty anaIyS|s_. '_I'hey
can be included for effects nonlinear in the magnetic field.
The free energy functional appears as

250 —

superconductor, the ratie> = H.,(T)/H.(T) is a con-
stant. Here it _d'iverg_es approx_imately ds— T/T.C)‘z. Fiv@,T) = alyl® + blyl® + cly®Vyl2. ()
Both of the critical fields are inversely proportional to
squares of the two length scales in the problem, thélere a = a,(T/T. — 1) and b and ¢ are positive
London penetration length, which controls the flux constants.
penetration and therefore the size of a vortex, and the su- The minimum of this free energy corresponds to an
perconducting coherence lengghwhich determines the order parameter amplitud&(7) « (1 — T/T.)"/?. The
stiffness of the local density of the superconducting elecspecific heat is expected to e (T) = (1 — T/T.)?,
trons. In a BCS superconductor, these length scales asnd y = % « (1 — H/H.,)*. The thermodynamic dis-
identical in their temperature dependence. To our knowl€ontinuities are in the fourth derivative of the free energy
edge there is no fundamental reason whghould be a (or in the second derivative of specific heat as a function
constant. of temperature or the second derivative of the magnetic
In the following we derive a free energy functional susceptibility y with respect to the magnetic field). We
which describes the properties ofcaurth order phase tran- see that in the common thermodynamic observables, there
are no discontinuities, as seen in the experiments. It is
conceivable that broad transitions that have been observed
in the past, instead of being recognized as candidates for a
higher order phase transition, were forcibly squeezed into
a second order framework. The Ehrenfest relation appro-
priate for a IV order phase transition is

d%c

(d_H>4 _ A
dT TCA% ’

3)

In the presence of a magnetic field the gradient term
transforms asv — (V + %A), where A is the vector
potential. Hereg, is the flux quantumgp, = h/2e =
2 X 107 Tm2. Thus Eq. (2), as always, is the basis
for a study of both spatial thermodynamic fluctuations as

well as magnetic field effects. We note that the penetration

000 005 010 015 020 025 030 035 depth for a magnetic field, the coefficient of thé in the
A generalized Eq. (2), diverges as
FIG. 3. Shown here is the upper critical fiel., plotted 4Q2m)?
as a function of 1 —T/T.. Hn(T)=0.00197(1 — AHT) = 7; cA® = (1 — T/T.)>. (4)

T/T,)=1213=0021 tesla withT, = 32 K.
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This too is in agreement with experiments, not as a directiomain wall is negative and proportionalt@nd therefore
measurement but that &, (T) = ¢,/A%. Thisis shown larger than in a BCS case. It may well engender a more
in Fig. 2 with H.,(T) plotted as a function of temperature. inhomogeneous ground statefab. A numerical analysis
Here the data on the lower critical field are limited by theirof these questions is in progress and will be reported later.
size at temperatures closefo. At low temperatures (less It is important to note that the thermodynamic behavior
thanT,./2), H.(T) behaves linear il and has the right changes forl = T./2. This is clearly seen in several
intercept at7.. The spatial fluctuations of the order pa- independent measurements, for example, specific heat and
rameter are still governed b = ¢/a « (1 — T/T,)"'.  critical fields. The discussion here is focused on the order
For H.,(T) we recognize that,/é> = H.,(T). Experi- of the transition from the normal state and is therefore
mentally, as shown in Fig. 3, the exponent is nearly 1. limited to the vicinity of 7.. However, a microscopic

The proposal here rests on several critical assumptiontheory which might attempt to derive Eq. (2) will also
For example, Graebnet al. [8] have reported a very small have to include an explanation of this crossover behavior
specific heat discontinuity. The reported discontinuity is,and possible existence of point nodes in the energy gap.
in fact, anomalously small and roughly of the size of their It might also contain an explanation of why the free
experimental uncertainty. To estimate the expected [7gnergy does not contain terms such#s$ and ¥+, At
discontinuity, consider the specific heat results in Ref. [5]present we can only speculate about a microscopic theory.
The high temperature limit of the specific heat can bdn a sense, this question is equivalent to the seemingly
described byC(T) = yT + BT? with y =150 mJ/  deeper question: Why is the transition of order IV? In this
mole K? as the electronic contribution ©(7). Thislarge paper, we have focused on the properties of a IV order
v puts BKBO in the category of heavy fermion com- phase transition, but let's speculate: for instance, the BCS
pounds and the expectedC (of the order ofyT. should GL theory contains an overall factor of density of states at
be nearly 5 Jmole K, considerably more (by a factor of the Fermi surface. Suppose, as discussed in Ref. [2], the
10°) than the experimental uncertainty and the reportediensity of statesv(0) = 0 for T = T. and N(0) « W27
value in Ref. [8]. Moreover, Hundlegt al. [5] find that for T = T.. This would be a transition from an insulator
at low temperaturesi( < T,./2), the linear term inC(T)  to a superconductor, the free energy foe= 1 would not
disappears. The specific heat then is giverCby= /T3,  have a¥? term, and the order of the transition would be
whereB’ > B. But this largerg’ may well be due to the 1ll. For p = 2, the transition would be of order IV.
presence of nodes in the putative energy gap at the Fermi Now, addressing the relationship between fluctuations
surface. For example, point nodes in the energy gap givas developed for a Il order phase transition and the frame-
rise to aC =« T3 augmenting the well-known phonon con- work: in a second order phase transition, including the criti-
tribution with the same power. cal effects, one might view the free energy as depending

Another basis for the suggestion here is the temperasn temperature ag,(T) = —f,(1 — T/T.)?~®. Thus
ture dependence of the lower critical fielf.; (7). The the small quantityx is calculated by pseudoperturbative
cubic temperature dependence here is in contrast to the reehemes (such as Gaussian approximation or some ver-
sults of Graderet al.[9] where H.(T) is linear, as ex- sion of renormalization group). It is clear, however, that
pected for a second order BCS superconductor. Howeveg, value ofa = —1 or —2 is essentially beyond the realm
closer inspection reveals that ti&.,(7) values of Hall of a perturbative approach. If the free energy exponent is
et al.[3] (the values used in this analysis) are at lowsignificantly different from 2, then the unperturbed ground
temperaturesT” < T./2 in agreement with the results state could be a transition of order corresponding to the
of Graderet al.[9], who employed in their study high nearest integer, about which a calculation of fluctuations
quality microcrystals to eliminate spurious effects associcould be done in the future.
ated with sample inhomogeneities. The values given in The conclusions presented here are the first part of a
Ref. [9] for T > T./2, while in general agreement with work in progress. We are currently working on determin-
Ref. [3], can be seen to follow a straight line but ex-ing (1) the magnitude of the fluctuations, and (2) whether
trapolate to a smallef. = 27 K. When the zero field there is an upper critical dimension and, if so, what it is.
T. = 32 K is included, it is impossible to avoid a curva- These, and other points of interest, will be presented in
ture in the temperature dependenceQf(T). forthcoming publications.

We note, in passing, that the relatiﬁlf = H.Hq is In summary then, we have analyzed the thermodynamic
still valid. The consequences, néarof a divergentA are  properties of the superconducting phase transition in
more curious. For example, the central result that the fluBa; K¢ 4BiO3;. The absence of a discontinuity in specific
expulsion happens more slowly in the mixed state is cleaheat and magnetic susceptibility, on transforming from
That the vortex lattice appears more slowly and thereforéghe normal to superconducting state, shows that the phase
the irreversibility field is smaller is less obvious. Othertransition cannot be of second order. The temperature
questions such as the symmetry of the vortex lattice ardependence of the thermodynamic critical field shows
currently under study and will be reported later. Similarly,that the transition igourth order. The conclusions about
the surface energy of a normal-superconductihgS)  other critical fields, derived from a free energy developed
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for a fourth order phase transition, i.éd.(T) = (1 —
T/T.)? andH.»(T) = (1 — T/T,) are in accord with the
experiments.
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