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Sign Change ofc-Axis Magnetoconductivity in YBa2Cu3O72d Single Crystals
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The out-of-plane magnetoconductivityDsc (BkIkcrystalc axis) of two YBa2Cu3O72d single crystals
has been measured in magnetic fields up to 12 T at temperatures ranging fromTc 1 3 K to Tc 1 40 K.
A change of sign, from negativeDsc nearTc to positive at higher temperatures, is observed in a metal
samplesdrcydT . 0d. Recent fluctuation theories can describe the main features of these observa
with parameters that are in good agreement with other studies. These results suggest that fluctu
in the density of states have been observed in the magnetoconductivity. [S0031-9007(96)00941-

PACS numbers: 73.50.Jt, 74.40.+k, 74.72.Bk
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It has recently become increasingly clear that
c-axis properties of anisotropic high-temperature sup
conductors are essential for understanding the anoma
superconducting as well as normal-state properties.
problematic observation, for instance, is a positivedrydT
for the ab-plane resistivity combined with a strong
negativec-axisdrydT in underdoped YBa2Cu3O72d and
in Bi-based materials. Attempted descriptions inclu
various tunneling models, fluctuations, interplanar dis
der, and hopping due to resonant tunneling [1–5].

Studies of superconducting fluctuations in the mag
toconductivity,DssB, Td  1yrsB, T d 2 1yrs0, T d, rep-
resent a powerful experimental technique to addr
related problems. The considerable effects of the sh
lived electron pairs over a wide range of temperatu
aboveTc, together with the possibility to use strong ma
netic fields, provide for stringent comparisons with the
ries. In addition to reliable estimates of the cohere
lengths and the phase-breaking time [6], measurem
of Ds may allow for conclusions about the pairing sta
[7,8], or clarify the nature of the impurity state in ce
tain doped alloy systems [9,10]. There is also a ra
development of the fluctuation theories, with continu
discussions about what terms and what limits of exist
theories to use, and with an increasing number of s
gested additions and new theories [11–13].

In the present study we have measured thec-axis
magnetoconductivityDsc sBkIkcd of two YBa2Cu3O72d

single crystals in the temperature rangeTc 1 3 K to Tc 1

40 K. A change of sign was observed, from negat
Dsc nearTc to positive aboveTc 1 10 K. In the theory
by Dorin and co-workers [13], such a sign change co
occur as a result of fluctuations in the normal density
states. We have adapted this theory for comparisons
experiments. Excellent descriptions of the observati
with reasonable parameter values were obtained in
region whereDsc # 0, including the sign change a
approximately the correct temperature. In the reg
whereDsc . 0, the uncertainties are somewhat larger

Two single crystals of YBa2Cu3O72d were grown by
the self-flux method [14]. Sample A was oxygenat
0031-9007y96y77(11)y2280(4)$10.00
e
r-

ous
A

e
r-

e-

ss
rt-
es
-
-

ce
nts
e
-
id
d
g
g-

e

ld
of
ith
ns
he

n

d

at 460, 400, 350, and finally 300±C, for a few days at
each temperature. Sample B was oxygenated at 400±C.
Sample A was heavily twinned, whereas sample B co
tained only a few twins. Sample dimensions and cont
configurations are shown in the insets of Fig. 1.

The resistivity was measured with a standard fou
probe technique. The contact configuration of sample
gives an inhomogeneous current distribution, and a fin
clement analysis was used to obtain the resistivity [1
In Fig. 1 thec-axis resistivity of both samples is plotte
vs temperature, and the importance of the finite elem
analysis is also illustrated. The remaining small pe
in the resistivity of sample B is probably a result of
lower oxygen content [16]. The magnetoconductivity w
measured withBkIkc at a series of fixed temperature

FIG. 1. Main panel: Solid curves are temperature depe
dences of thec-axis resistivities. The overall magnitude o
the curve for sample B is uncertain, but the relative chang
with temperature are more reliable. The dashed curve sh
the resistivity deduced for sample B if inhomogeneities in t
current distribution are neglected (see text). For sample
Tc ø 90.9 K andDTc ø 0.2 K, and for sample BTc  90.4 K
and DTc ø 0.15 K. Tc was defined from the midpoint of the
resistive transition andDTc from 10% to 90% of the resistive
drop. The measured electrical resistance at 100 K was88 mV
for sample A and16 mV for sample B. Insets: Approximate
sample dimensions and contact configurations (not to sca
Shaded area represent silver paint contacts to which gold w
are attached.
© 1996 The American Physical Society
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with the magnetic field swept up to 12 T. The correcti
to Dsc from the finite element analysis of sample B w
considerable: 150% at 95 K and 12 T, 30% at 115 K. T
temperature was regulated with a platinum thermom
located in zero magnetic field 20 cm above the sam
and the temperature at the sample was measured
a diode thermometer immediately before and after e
field sweep. The temperature drift during sweeps w
negligible. The results are shown in Fig. 2 forDscsBd
and in Fig. 3 forDscsT d at 12 T. A striking feature is
the sign change ofDsc at about 102 Kf´  lnsTyTcd ø
0.12g. The curves in the figures will be described belo
The estimated errors for sample B are large due to the
resistance and the unfavorable contact configuration.
sample A these problems do not occur. A change of s
of Dsc is unambiguously verified for sample A, and t
results for sample B are consistent with this finding.

There are several theoretical studies of thec-axis
fluctuation conductivity,sfl

c sB, Td, in high-temperature
superconductors. Recent calculations by Dorinet al. [13]
include four contributions to the fluctuation conductivity

sfl
c  sAl

c 1 sDOS
c 1 sMTsregd

c 1 sMTsand
c .

The Aslamazov-Larkin (AL) contribution represents t
direct acceleration of superconducting electrons. T
contribution has been derived previously under vari
conditions [17–20]. The DOS contribution is a result
the fluctuation of the normal density of states, and
opposite sign. This term was previously neglected,

FIG. 2. The symbols are the observed magnetoc
ductivity Dsc sø 2Drcyr2

c d with BkIkc for ´ 
lnsTyTcd  0.04 0.10 sT  94.2 100.0 Kd. The curves
are the best fits of the fluctuation theory (see text).
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spite of the fact that it can be comparable in magnitu
to the AL contribution. In particular, it is the competitio
between the AL and DOS contributions that can give r
to a peak in the resistivity and a change of sign in t
magnetoconductivity. The regular (reg) and anomalo
(an) Maki-Thompson (MT) contributions are indirec
effects on the normal-site electrons, and are usu
smaller. Zeeman corrections [21,22] were neglected h

The fluctuation magnetoconductivity,Dsfl
c sB, T d, is

given by

Dsfl
c  DsAL

c 1 DsDOS
c 1 DsMTsregd

c 1 DsMTsand
c ,

whereDsAL
c  sAL

c sB, T d 2 sAL
c s0, T d, etc. Since the

weak-field approximation of Ref. [13] is not valid for ou
field strengths in YBa2Cu3O72d, we must use the full ex-
pressions. However, the full expressions in Ref. [13]
the DOS contribution,sDOS

c sB, T d and sDOS
c s0, Td, can-

not be directly used for comparison with experimen
Firstly, limB!0 sDOS

c sB, Td fi sDOS
c s0, Td. This inconsis-

tency is easily removed by omitting an unnecessary s
plification in the last step of the derivation ofsDOS

c s0, T d.
Secondly, the sharp field-dependent cutoff in the sum
sDOS

c sB, T d of Ref. [13] gives a large oscillatory depen
dence on the magnetic field, in disagreement both w
the weak-field approximation of Ref. [13] and with ex
periments. The precise form of this cutoff is, howeve
unknown and can only be approximated [23]. We use
weighted average of calculations of the sum for differe
sharp cutoffs, with almost all weight given to cutoffs ne
that of Ref. [13]. This gives a monotonic field depe
dence and agreement with the weak-field approximat
at low fields. The resulting full expressions for the fo
terms inDsfl

c are then

FIG. 3. Main panel: The symbols are the experimen
magnetoconductitivyDsc for I k c k B  12 T. The solid
and dashed curves are the corresponding theoretical calcula
with parameters from the best fit. Inset: Blow-up, whic
also gives typical experimental uncertainties inDsc. At T 
112 K the measurements on sample A were made with a hig
precision, and the uncertainty is within the filled circle.
2281
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In these formulasr  2k2

BJ2t2f0yh̄2, b  4heByh̄, h  y
2
Ft2f0y2,

f0  2

∑
C

µ
1
2

1
h̄

4pkBTt

∂
2 C

µ
1
2

∂
2

h̄
4pkBTt

C0

µ
1
2

∂∏

k 
2C0s 1

2 1 h̄y4pkBTtd 1 sh̄y2pkBTtdC00s 1
2 d

p2fCs 1
2 1 h̄y4pkBTtd 2 Cs 1

2 d 2 sh̄y4pkBTtdC0s1
2 dg

k̃ 
2C0s 1

2 1 h̄y4pkBTtd 1 C0s 1
2 d 1 sh̄y4pkBTtdC00s 1

2 d

p2fCs 1
2 1 h̄y4pkBTtd 2 Cs 1
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Fttf, ´  lnsTyTcd, ´B  ´ 1 by2, gB 

g 1 by2, andwn is a weight function, here taken to be

wn  erf fn 2 s1yb 2 1y2d 1 1g

2 erf fn 2 s1yb 2 1y2dg
with

erf sxd 
2

p
p

xZ
0

e2t2

dt

T is the temperature,B the magnetic field,s the layer
spacing,yF the Fermi velocity parallel to the layers,t

the in-plane elastic scattering time,tf the phase-breaking
time, and J the hopping integral (in Kelvin). C 
dfln Gsxdgydx is the digamma function. The expressio
are the same for all values oftTc, making the usual
distinction between cleans4pkBtTcyh̄ ¿ 1d and dirty
s4pkBtTcyh̄ ø 1d limits unnecessary. The derivatio
was made assumingb ø 1 and´B ø 1.

We compared our experimental magnetoconductiv
with the above theory, including all four terms. Th
magnetoconductivity of the normal state was neglec
since the fluctuations are large close toTc. In the com-
parison we tooks  11.69 Å, nF  2 3 105 mys [9],
and Tc from the midpoints of the resistive transition
J was assumed to be constant within our measurem
range. Further it was assumed, somewhat arbitrarily,
t  tf ~ T21. We then fitted the formulas to the ex
perimental data by varying the two parametersJ and
the overall magnitude oftf and t [parametrized by
2282
s

ty

d,

.
nt
at

ts100 Kd] until the lowest root mean square deviatio
(rms) was obtained. Sincéø 1 is assumed in the the
ory, only data foŕ # 0.1 sT # 100 Kd were used in the
fits. The parameters giving the best fits wereJ  205 K
andts100 Kd  3.1 fs for sample A andJ  225 K and
ts100 Kd  5.0 fs for sample B. The uncertainties ar
for sample A less than 30% forJ and 50% fort if we
use the criterion that the rms should be at most tw
its minimum value. The agreement between experim
and theory was excellent at the lowest temperatures
still good at´  0.10 (Fig. 2). The observed change o
sign inDsc (Fig. 3) is also obtained at approximately th
correct temperature, although the calculated magnitud
higher temperatures is less than observed. This disc
ancy may be due to violation of the conditiońø 1 in
the theory. The choice of cutoff is, however, importa
for T . 100 K. If the weight functionwn is changed so
that the cutoff is, e.g., 3 times broader, good agreem
with experiments can be obtained in this region. The
sumptiontf  t ~ T21 is not crucial. If, e.g.,t and
tf are assumed to be temperature independent, or a
ferent value fortf in the range 0.5–50 fs is used, goo
fits can still be obtained by changingJ and t by only
10%. This is partly explained by the fact thattf only
enters into one of the MT terms, both of which are typ
cally several times smaller than the other terms. The
term is approximately 4 times larger than the DOS te
at T  94.2 K and 2–3 times smaller than the DOS ter
at 112 K. If the DOS term is excluded, the theory c
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still describe experimental data up to 100 K, but we
not obtain the change of sign.

From the results forJ and t, one can calculate quan
tities that are more easily compared with other stud
Using the relationj2

absT  0 Kd  hsTcd [13], one finds
the in-plane coherence length,jabsT  0 Kd  12 Å for
sample A and 14 Å for sample B. The out-of-plane c
herence length can be calculated fromr  4k2

BhJ2yh̄2n
2
F

andrsTcd  4j2
cs0dys2 [13], which givesjcsT  0 Kd 

1.8 Å for sample A and 2.4 Å for sample B. Thes
values are in good agreement with results of seve
in-plane fluctuation magnetoconductivity measureme
sIkabd, summarized in Ref. [6] asjabs0d  13.6 6 2 Å
andjcs0d  2.0 6 0.5 Å. Further, the normal-state con
ductivity anisotropy can be calculated as [13]sabysc 
y

2
F h̄2yk2

BJ2s2 ø 40, in rough agreement with direct mea
surements in, e.g., Ref. [24].

We briefly discuss alternative interpretations of the e
periments. Weak localization may cause a tempera
dependence ofDs as in Fig. 3. In icosahedral Al-Cu-F
of similar resistivity, a negativeDrsBdyr was observed
in the same temperature range [25]. However, the m
free path in thec-axis direction of YBa2Cu3O72d is likely
smaller than the distance between planes [26], and a
natives to diffusive motion would be more appropria
such as the hopping mechanism [13] presently conside
Another possibility is a contribution from a magnetic fie
depression of a pseudo gap [5]. A pseudo gap is u
ally expected to imply thatdrcydT , 0, which is not ob-
served in sample A. However, the resistivity nearTc has
a slight positive deviation compared to an extrapolat
of the linear temperature dependence above 200 K. T
mechanism, therefore, may not be ruled out.

In summary, we have measured thec-axis magneto-
conductivity of two YBa2Cu3O72d single crystals above
Tc. In one sample,drcydT . 0 in the whole tempera-
ture interval. In both samples we observed a change
sign ofDsc at Tc 1 10 K. These data could be well de
scribed by a theory that considers density of states fluc
tions. Approximately the correct temperature for the s
change was obtained, and the quantitative agreemen
low that temperature was excellent. The parameter va
obtained for the two samples are withinJ  215 6 10 K
andt  4 6 1 fs, and were found to correspond to cohe
ence lengths that agree well with other studies.

We are grateful to S. Östlund at the Department
Solid Mechanics, Royal Institute of Technology, for a
cess to equipment for finite element analysis. We a
thank R. A. Klemm for helpful correspondence. Th
work has been supported by the Göran Gustafsson F
dation and the Swedish Superconductivity Consortium
.
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