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Magnetic susceptibility y(7) data from 84 to 300 K are reported for a Bi,Sr,CaCu,Os single

crystal.

The x(T) data with Hllc exhibit negative curvature up to =150 K, attributed to

superconducting-fluctuation diamagnetism, whereas those with H_Lc are independent of tempera-
ture above 90 K. From a theoretical fit to the data with Hllc, the Ginzburg-Landau coherence
length £,,(0) is found to be 10.9 A. The room-temperature orbital and spin susceptibilities and
their anisotropies are estimated and compared with those of YBa,Cu;0.

The magnetic susceptibility y(7) has been found to be
strongly anisotropic in La,CuQy4, Sr,CuO,Cl;, La;—,-
Sr,CuOy4, and YBa,;Cu3;0;—;5 with the normal-state sus-
ceptibility with Hllc () greater than for Hic (y.).'
For most of the compounds, both y, and y, increase
monotonically with increasing temperature at the higher
temperatures; for the first two of these, which are antifer-
romagnetic insulators, this behavior is as expected for the
two-dimensional Heisenberg antiferromagnet on a square
lattice for temperatures T <J, where the exchange cou-
pling between nearest-neighbor Cu?* spins ¥ is JS;-S;. 2
For the last two superconducting compounds, the behavior
arises from a combination of antiferromagnetic spin
correlations and superconducting-fluctuation diamagne-
tism (SFD).** Amazingly, the molar anisotropy
Ax=xi—x. per CuO; plane at high temperatures
(==300-400 K) is very similar in each of the four systems
[Ay=(9+2)%x1075 cm?*/mol CuO,l,' despite the fact
that the first two are insulators and the last two exhibit
metallic and superconducting properties. This suggests
that the electronic environments around the Cu atoms in
the CuQO; planes are similar in each system.

Herein, we report x,(7) and y.(T) from 7.=84 K to
300 K of a 2.33-mg single crystal of Bi,Sr,CaCu;0s. Our
values are consistent with powder data,>> and y,(T)
shows negative curvature below =150 K, similar to that
seen for the powders and attributed to SFD. From
analysis of these data, estimates of the zero-temperature
Ginzburg-Landau coherence length parallel to the CuO,
planes, £,5(0), and the room-temperature orbital and spin
susceptibilities and their anisotropies are obtained and
compared with corresponding values for YBa;Cu3O».

The. Bi;Sr,CaCu;,0s crystal was grown using the self-
flux method by heating the stoichiometric mixture of ox-
ides to 950°C and slowly cooling. The y(T) data were
obtained using a Quantum Design superconducting quan-
tum interference device (SQUID) magnetometer in a field
of 15 kG. Meissner-effect data in a field of 50 G with Hllc
showed a transition onset at 85.0 K, a midpoint of 84.0 K
and a 10%-50% width of 0.8 K, with a Meissner fraction
at 5 K of 91%. Zero-field-cooled data in the same field
showed a volume susceptibility of 240% of —1/4x; both
values are uncorrected for demagnetization factors. With
H Lc, the corresponding fractions were 4.2% and 50%.

The magnetic susceptibilities ,(T") and y, (T') for tem-
peratures T2 T, are shown in Fig. 1(a). x,(T) exhibits
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negative curvature from 7, up to =150 K, then is nearly
independent of temperature up to 300 K, increasing
linearly at the small rate 1.5x107'% cm3/gK. On the
other hand, to within the experimental precision, y . is in-
dependent of temperature from =90 to 300 K. This is ex-
pected. The superpair effective-mass ratio for this com-
pound is ~3%10° (Ref. 6), so the SFD for H_Lc should
be less than that for Hllc by the square root of this fac-
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FIG. 1. (a) Magnetic susceptibility y, vs temperature for a
2.33-mg single crystal of Bi,Sr,CaCu;Os for Hllc(yi) and
H1c(y.). (b) Expanded plot of the data for Hlic in (a) below
150 K. The solid curve is a fit of superconducting fluctuation
diamagnetism theory (Refs. 3 and 7-9) to the data above 90 K
(see text).
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tor,’ i.e., should be unobservable in our measurements ex-

cept for very close to T.. From Fig. 1(a), Ay decreases
with decreasing temperature and becomes negative below
87.4 K, which is about 3 K above T, as determined above.
This crossover occurs significantly above the bulk 7. be-
cause the SFD is increasing much faster with decreasing
temperature for Hllc than for HLc, as just noted, and be-
cause the sensitivity of the magnetometer is much greater
for H=1.5 T than for H =50 G. The values of yy, y., Az,
and (y) at 300 K are listed in Table I. The powder data
for Bi; —Pb,Sr,CaCu,0g at 300 K in Refs. 3 and 5 lie
between our yy and y, values, but are above the powder
average in Table I; this suggests preferred orientation of
the powders with cllH.

An expanded plot of the x(T) data from T, to 150 K is
shown in Fig. 1(b). We fitted the data above 90 K to the
expression x(T)=yxo+xa(T) using the Lawrence-
Doniach theory’ as modified by Klemm?3?® for the SFD,
x2a(T), in the two-dimensional low-field regime with Hllc:

20(T) = — [genrmk sl (0)T/3¢¢s T /(T —T)]1, 1)

where T.=T.(H), ger =2 is the number of independently
fluctuating CuO; layers per CuO,-layer repeat distance
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s=15.4 A, ¢o is the flux quantum hc/2e, and yo is the
background susceptibility. We believe that our data are
in, or close to, the low-field regime, since the applied field
H=1.5 T<KH.(0)~100 T.>%° The fitting parameters
obtained were T.=(84.6x1) K, x=(1.97F0.02)
x1077 cm?/g, and £,(0) =(10.9F0.9) A. The fit is
shown as the solid curve in Fig. 1(b). From the value of
£(0), one obtains H.(0) =¢o/27£2%(0)~280 T, con-
sistent with H < H.,(0) and with the small inferred value
of T.(0) —T.(H=1.5 T). The inferred value of &, (0)
would increase and H.,(0) would decrease if the data in
Fig. 1(b) were corrected for a Curie-like term due to un-
detected magnetic impurities and/or isolated Cu?* de-
fects; the inferred 7.(H) would also be affected. Thus,
our £,(0) and H.,(0) values should be considered as
lower and upper limits, respectively. &£.,(0) is about the
same as that for YBa,Cu;O; (13.6 A) (Ref. 3) and
Bi; - xPb,Sr,Ca,Cu30;9 (11.8-18.0 A), but is about
one-half the value g)reviously inferred for Bi,-,Pb,Sr;-
CaCu;,05 (20.4 A),> where all of these &,,(0) values were
derived from fits to ya(7') data. The discrepancy between
our &, (0) value and that in Ref. 5 might be partially ex-
plained if the grains in the powder sample studied there
were preferentially aligned to some extent with cllH, as

TABLE I. Magnetic susceptibility data at 300 K for single-crystal Bi,Sr,CaCu,Os (this work) and

grain-aligned high-purity polycrystalline YBa;Cu3O7 (Ref. 1). xi and y. are, respectively, the suscepti-
bility with Hllc and H_Lc¢ at 300 K, Ay=yxi—x., {x) is the powder-averaged value, " the atomic core
diamagnetism, K% the orbital Knight shifts for *>Cu in Bi,SroCaCu;Os derived here, and in YBa,Cu307
from Ref. 10, y~V the derived Van Vleck susceptibilities of the Cu?* ions, y5P" the derived spin suscepti-
bilities, and gu/g.=(xi""/x¥")'? the ratio of the spectroscopic splitting factors. The g, values
(a=a,b,c) were computed independently using the corresponding y~" values. All susceptibilities are in
units of 10 7% cm?/mol. In YBa,Cu305, Cu(l) is in the Cu-O chains and Cu(2) is in the CuO; planes.
Note that the y*"" values for YBa;Cu3O5 include the contributions from Cu in both the CuO; planes
and Cu-O chains, whereas Bi,Sr,CaCu;0js contains no Cu-O chains.

Entity Bi;Sr,CaCu,0s YBa;Cu3;O,
20 17.1(10) 41.0
24 —5.4(13) 25.2
Ay 22.5(16) 15.8
() 2.1(16) 30.5
x5 —20.6 -17.5
KE(%) 1.79 1.28(1)[Cu(2)1,0.25(1)[Cu(1)]
KE(%) 0.45 0.28(2)[Cu(2)1,0.27(4) [Cu(1)]
(%) 0.45 0.28(2)[Cu(2)1,1.08(4) [Cu(1)]
W¥ICu(D)] ce 8.1
20 ¥ I[Cu(1)] R 2.0
2V Icu(1)] Cee 1.9
2VICu(2)] 13.4 9.6
2YVICu(2)] 3.3 2.1
oY 26.7 21.1
2y 6.7 9.2
P 11.0 37.4
x P 8.5 33.5
gi/g.L 1.14 1.06
ga 2.09 2.06[Cu(2)]1,2.22[Cu(1)]
g 2.09 2.06[Cu(2)1,2.06[Cu(1)]
g 2.36 2.26[Cu(2)1,2.06[Cu(1)]
Z 2.36 2.20
8ab 2.09 2.10
ZelBas 1.13 1.05
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inferred above, whereas random alignment was assumed.’
Also, the superconducting transition width of the crystal is
much smaller than in the powders.5 Therefore, we believe
the value for the single crystal studied here may be the
more reliable.

Above =200 K where the superconducting fluctuation
diamagnetism is negligible, a principal value y.(T) is
written as the sum of an orbital term and a spin term:

Xa =2+ 2" @

Both terms are anisotropic in general. In a localized mo-
ment picture for the Cu?* spins ¥, '? the orbital terms are
the sum of the isotropic core diamagnetism ¥ and the
anisotropic Van Vleck paramagnetism o' of the Cu2*
cations. The xy" per mole of Cu?* is given by

2oV =2N4ubA,, (3)
where

Aa=2 [(n|L,|0)|>/AE, ,

N, is Avogadro’s number, ug is the Bohr magneton,
AE,=FE,—E,, L, is the angular momentum operator in
the ath principal direction, |0)=|x%—y?) is the crystal-
field ground hole state of the Cu?* jon with energy Ej,
and the excited states |n) are |xy), |xz), and |yz) (the ma-
trix elements to the state |z2—r2) all vanish). The A,
values are

A;=4/AE,,, A,=1/AE,,, and A, =1/AE,, )

if the uniaxial direction is z. The spectroscopic splitting
factors g, of the Cu?* ions are related to the (same) A,
values via

g8.=2(1—1%A,), (5)

where A=—710 cm ~'=—288.2 meV is the spin-orbit

coupling parameter for Cu?*.!® The spin susceptibilities
23 (T) per mole of formula units are written as

APNT) =nsNag2ugF/J, (6)

where here ny is the number of CuO;-plane units per for-
mula unit, F is a dimensionless function of temperature
which is the same for different a, and J is a characteristic
energy. In insulating local moment antiferromagnets like
La;CuOy4, Sr,CuO;,Cl;, or YBa;Cu3zOg, the parameter
J~1500 K is the antiferromagnetic intralayer exchange
coupling constant, where the nearest-neighbor exchange
energy is JS;*S;, and F=F(T/J). For Bi,Sr,CaCu,0s,
Cu nuclear resonance shift data are not yet available to
aid in computing the yYV and/or 5P terms, and thereby
evaluate the AE, values. We therefore assume that the
relevant AE, values are the same =A. The susceptibility
is uniaxial. Gathering together the above terms into Eq.
(2) yields

=1 +8n;Naup/A+an;N 13 (1 —4r/A)2F/J
and @)
XL =x"+2n;N up/A+4n;Nuf(1 —1/A)?F/T ,

where y refers to the uniaxial (c) direction. Multiplying

Egs. (7) by A and defining dimensionless susceptibilities
2 =A(x _Zcore)/4anA,u§

and (8)
2o =A(rL—x")/4nsN4up ,

Egs. (7) become
xi=2r+(1—4r)*Fr/J

and 9)
xi=r/2+—r)*FA/J,

where r=4/A. Eliminating FA/J from Egs. (9) yields a
cubic equation for r:

6r3+ayri+ar+ay,=0, (10)
where
ag=xi— 21,

a;=8x. —2xi—7%,

and
a=xi— 16y, .

Solving the first of Eqgs. (9) for FA/J yields
FMJ=(i—2r)/(1—4r)2. (1)

We take the y°° values as —25, —15, —8, —12, and
—12x10 7% cm? per mole of Bi, Sr, Ca, Cu, and O, re-
spectively,'' giving the molar y°' value for Bi,Sr,-
CaCuy03 (ny=2) shown in Table I. Using the above A
and the y, data in Table I, Eq. (10) predicts r = —0.0455
and A=1.94 eV. The zYV [Eq. (3)] and g, [Eq. (5)]
(a=1Il, 1) values for Bi,Sr,CaCu,0g were computed using
these A and A values and are listed in Table I. From Eq.
(11) and the value of r, one obtains FA/J = —0.0266, and
F/J=0.301 eV~'. The x"" values computed from Eq.
(6) are listed in Table I. Also listed are the orbital ®*Cu
NMR shifts predicted using the x, ¥ values in Table I and
Eq. (12) below. In Table I, gi/g .= (xiP"/xF") /2 =1.14
[cf. Eq. (6)]. This ratio is computed independently from
the g, values (a=a,b,c) to be 1.13, nearly the same. This
agreement strongly supports the local moment picture for
Cu?* used here and (e.g., Ref. 10) elsewhere.

A similar analysis for YBa,Cu30; has been carried out
using NMR shift data. 19 The anisotropic x,(300 K) data
from Ref. 1 are listed in Table I. The x;"’ values per mole
of Cu can be estimated from the > Cu-NMR orbital shifts
KL of the Cu(1) (in the Cu-O chains) and Cu(2) (in the
CuO, planes) ions in YBa;Cu30; at 4.2 K according to'°

KE=2N,1/r3 ¥V, (12)

as shown in Table I, where (1/r3) =6.0/(5.3x10 "% ¢cm)?
(Ref. 10). Using Egs. (3) an (4) and the z" values for
YBa;Cu307 in Table I, the AE, values are found to be
AE,,(2) =27 eV and AE,,(2)=AE,. (2)=3.1 eV for
Cu(2), where z=c, x=a, and y=b.'" For Cu(l), the
uniaxial (z) crystal-field axis is along a; noting this, we
have AE,,=AE,, =3.2 eV, and AE,, =3.2 ¢V. From Eq.



42 MAGNETIC-SUSCEPTIBILITY ANISOTROPY OF SINGLE . . .

(5), the predicted g, values for Cu(l) and Cu(2) in
YBa,Cu;05 are found and listed in Table I, referred to
the a, b, and c crystal axes. From the measured values of
2o and the deduced values of y2°, the values of y{P" were
computed from Eq. (2) and are listed in Table 1.'> The
listed value of gi/g. = (x{P"/xP")2=1.06. The average
values g, derived from the listed g, values (¢ =a,b,c) are
also listed, where it is seen that g./g, » =1.05, close to the
value of 1.06 derived independently above. Thus, the an-
isotropies in both x*™ and 'V in both Bi;Sr,CaCu,0s
and YBa,;Cu3;0; are quantitatively and self-consistently
accounted for in the localized picture. Note that both the
orbital and spin susceptibility anisotropies of YBa,Cu3;07
are reduced from the values for the CuO; layers alone, be-
cause the respective anisotropies of the Cu in the Cu-O
chains partially cancel those due to Cu in the CuO; layers.
We remark that a x*P'" anisotropy similar to those in
Table I was inferred for the tetragonal insulating antifer-
romagnet (T =300 K) Sr,CuO,Cl, above Ty (g. =2.46,
8a=2.01),'% which has the same CuO, layers as in the
other layered cuprates. _

From Table I, the magnitudes of x;P" are smaller in
Bi;Sr,CaCu;0s than in YBa;Cu3O; by factors of 3-4,
even though the respective T.’s are within =8% of each
other. Even if the xo" values in the former compound are
taken to be identical to those of Cu(2) in the latter, the
27" values are still found to be smaller by factors of 2-3.
What this means is unclear. At first sight, the similarity
of T. and the differences in yP'" between the two com-
pounds suggest that the mechanism for superconductivity
in these materials involves factors other than, or in addi-
tion to, the magnetic character of the Cu?* ions.
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In conclusion, we find a substantial temperature-
dependent anisotropy in the susceptibility of Bi;Sr»-
CaCu,0s between T,=84 K and =150 K with y, <y
for T T,, as is the case for all cuprate superconductors
(not containing magnetic ions other than Cu’") studied
to date. The temperature dependence of the anisotropy
arises primarily from that of the anisotropy in the super-
conducting fluctuation diamagnetism; from a fit with
theory, we find £,,(0) =10.9 A. The room-temperature
value for y, is in agreement with the recent data of Ref.
14, but our y; is much larger. The reason for this
discrepancy is not known, but we note that the data of
Ref. 14 are also inconsistent with powder data.>> Assum-
ing a local moment picture for the Cu?* ions, where the
system has a single spin degree of freedom, the anisotropy
Axy=yxi—x. at 300 K is found to arise from anisotropy in
both the Van Vleck susceptibility yVV of the C.u2+ ions
and from anisotropy in the spin susceptibility y*"". About
90% of Ay arises from the former anisotropy and the
remainder from an anisotropic y*"'" originating from an
anisotropic g factor of the Cu?* ions. The magnitudes of
2P in Bi;Sr,CaCu,0Og are three to four times smaller
than in YBayCu3O9, even though the respective T.’s are
quite comparable. The origin of these differences in x;P'"
and their bearing on the 7,’s are interesting issues for fu-
ture theoretical and experimental clarification.
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