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FIG. 1. (Color online) Angular dependence of the torque density
for the UD57 YBa2Cu3O6.5 crystal in 10 T at T = 58.1, 60.3, 61.5,
66.9, and 72.2 K after correcting for a fixed instrumental offset of 10◦

and subtracting the gravitational term (Ref. 12). The solid lines show
single-parameter fits to the formula for 2D GF derived from Eq. (2)
plus χN

D (T ) shown in Fig. 2(a). Note the sin 2θ behavior at higher T .

χab(T ), which is the susceptibility anisotropy. Figure 1 shows
torque data for UD57 up to 15 K above the low-field Tc of
57 K. Much of our data, including the two curves for UD57
in Fig. 1 at higher T , follow a sin 2θ dependence very closely,
however, there are striking deviations at lower T arising from
nonlinearity in M(B) that we discuss later.

Figure 2(a) shows χD(T ) obtained from sin 2θ fits for
three doping levels at high enough T so that M remains ∝B.
The solid lines for OD89 and UD57 are fits up to 300 K
that include χFL

c (T ) from Eq. (1), with the strong cutoff
described below, plus the normal state background anisotropy
χN

D (T ) which arises from the g-factor anisotropy of the Pauli
paramagnetism.18 For UD crystals the T dependence of χN

D (T )
is caused by the pseudogap (see Ref. 19), plus a smaller
contribution from the electron pocket18 observed in high-field
quantum oscillation studies.20 We used the same pseudogap
energies (kBT ∗) and other parameters defining χN

D (T ) as
in our recent work on larger single crystals,18 e.g., T ∗ =
435 K for UD57. OD89 has no pseudogap and presumably
no pockets, so we represent the weak variation of χN

D (T ) with
T by the second order polynomial shown in Fig. 2(a).

Figures 2(b)–2(d) show plots of 1/|χFL
c (T )| vs T where

χFL
c (T ) ≡ χD(T ) − χN

D (T ). The short-dashed lines for UD22
and UD57 in Figs. 2(b) and 2(c) show the contribution from
Eq. (1) in the 2D limit (γ → ∞) with the two adjustable
parameters T MF1

c and ξab(0) given in Table I. The solid lines
show the effect of the same type of cutoff used in previous
studies of the the conductivity σ FL

ab (T ,B), as summarized in
Ref. 21. For OD89 we use the full 2D-3D form of Eq. (1) with
ξab(0) = 1.06 nm and γ = 5,22 shown by the short-dashed
line, with the solid line again including the cutoff.21 The high
quality of these fits could be somewhat fortuitous in view
of our neglect of any charge density wave (CDW),19 but other
subtraction procedures give similar values of 1/|χFL

c (T )|. Heat
capacity studies give a very similar value ξab(0) = 1.12 nm for
OD88 YBCO (Ref. 24) while our values for UD57 and UD22
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FIG. 2. (Color online) (a) Main: χD(T ) for the three crystals;
solid lines show fits to χFL

c (T ) + χN
D (T ) for OD89 and UD57, and

dashed lines show χN
D (T ). Inset: Symbols show M calculated for

various values of ε, using Eq. (2), when the anisotropy parameter
r ≡ [2ξc(0)/s]2 = 0. For r = 0.13 symbols show M given by the
2D-3D form of Eq. (2), which contains r and an extra integral (Ref. 2).
The lines show formulas used (Ref. 23) to represent these values of M

when fitting τ (θ ) data. (b)–(d) Plots of 1/|χFL
c (T )| vs T for the three

crystals. GF fits based on Eq. (1) are shown by short dashed lines,
without a cutoff, and by solid lines, with a strong cutoff (Ref. 21).
Red triangles for UD57 show ξab(0)2/ε obtained by fitting τ (θ ) to
the full 2D GF formula when M(B) is nonlinear, and converted to
1/|χFL

c (T )| using Eq. (1). For UD22 the full GF formula was used for
all the points shown in (b).

agree with previous work9,25 for the same Tc values. For UD57,
setting γ = 45,26 rather than the 2D limit of Eq. (1) (γ → ∞),
has no significant effect.

As the critical region is approached from above Tc the
exponent of ξab(T ) is expected to change from the MF value
of −1/2 to the 3D XY value of −2/3.1 It is very likely that
this will also apply to strongly 2D materials, including UD57,
since heat capacity data above and below Tc (Ref. 27) do show
the ln |ε| terms associated with the 3D XY model. We have
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