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Figure 2 |Oscillatory component of electronic specific heat. a, Equation (1) for a single 531±3 T pocket with warping of 15.2±0.5 T. Note the location of
the node depends only on m⇤. For YBCO 6.56, we find m⇤ = 1.34±0.06me. b, Oscillatory component of data (circles) with the a fit superimposed (black
lines). Blue/cyan data at 1 K result from sweeping the magnetic field up/down and show no hysteresis. The dashed line demonstrates the ⇡-phase shift
between 2 K and 5.5 K. c, Temperature-field plot of a, with coloured lines indicating locations of the data shown in b.

For a two-dimensional Fermi liquid with parabolic bands,
in which the density of states is constant, the total electronic
contribution to the specific heat is a simple sum over each piece or
pocket of the Fermi surface:

�total = � 0
X

i

nimi
⇤/me (2)

where n is the number (multiplicity) of the ith-type of pocket in the
first Brillouin zone (BZ), mi

⇤ is the effective mass of the ith-type
of pocket, and � 0 = 1.46mJmol�1 K�2. (A similar expression holds
for Dirac-like dispersion with an appropriate redefinition of m⇤;
see Supplementary Information.) Within the scenario in which the
high-field resistive state is interpreted as a normal state Fermi liquid,
a single pocket in the first BZ (n = 1; m⇤ = 1.35me) would yield
�total = 1.9mJmol�1 K�2 and a single pocket per CuO2 plane (that
is n= 2; m⇤ = 1.35me) would yield �total = 3.8mJmol�1 K�2. The
symmetry of the BZ admits only two possibilities for a single pocket,
both of which are shown in the upper left of Fig. 3. Among other
scenarios, it has been proposed that the high-field resistive state
in underdoped YBCO is a spin density wave with a Fermi surface
reconstruction (lower right inset of Fig. 3), where there is one
pocket per CuO2 plane centred at (±⇡; 0)(0;±⇡) withm⇤ =1.35me
and two pockets at (⇡/2;⇡/2) withm⇤ =3.8me (ref. 3) whichwould
yield �total = 26mJmol�1 K�2 (see Supplementary Information).
Interestingly, this simple Fermi surface pocket counting scheme
works well in the case of overdoped Tl2Ba2CuO6+� (Tc = 10K),
where transport quantum oscillations experiments found a single
frequency with an effective mass of m⇤ = 4.9me , predicting
� of 7.2mJmol�1 K�2 (ref. 27). Specific heat measurements
made on overdoped Tl2Ba2CuO6+� with Tc = 10K have indeed
independently determined � ⇡ 7mJmol�1 K�2 (ref. 28). In the
underdoped YBCO measurements reported here, the observed
value of � =1.85mJmol�1 K�2 in Fig. 1 is too small to be consistent
with the Fermi surface reconstruction scenario suggested from
early quantum oscillation measurements2,3. The persistence of
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Figure 3 | Temperature dependence of the specific heat. a, C/T versus T2

for H= 0 T (yellow circles) and H= 45 T (blue triangles). Both the
zero-field superconducting state and high-field resistive state look
Fermi-liquid-like, with contributions from (linear) electronic and (cubic)
phonon terms. The phonon term is independent of field with slope
� = 0.395 mJ mol�1 K�4. Upper left schematics are Fermi surfaces for
which symmetry allows a single pocket that is centred at (0, 0) or (⇡,⇡).
Lower right schematic represents the Fermi surface reconstruction
described in the text, for which �total = 26 mJ mol�1 K�2 for one electron
pocket and two hole pockets per CuO2 plane (see
Supplementary Information).

the
p
H signature of a d-wave superconducting gap would seem

to rule out an interpretation in which the high magnetic field
destroys the said d-wave gap to reveal a conventional normal
state Fermi liquid.

Thus, we turn attention to the second scenario in which
the state in a high magnetic field is a vortex liquid, which
features the coexistence of Fermi liquid quasiparticles and mobile
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analysis.49 In a typical measurement, the temperature is varied
around a constant average temperature and the slope of the
voltage (V) vs. temperature difference (DT) curve gives the See-
beck coefficient (the slope method) or just V/DT is measured
(single point measurement). Either a specic temperature
difference is stabilized before each measurement (steady-state),
which takes longer,16,50,51 or measurements are conducted
continuously while the temperature difference is varied slowly
(quasi-steady-state).16,19,52,53 In a recent study,17 little difference
was found between steady-state and quasi-steady-state
measurements when good thermal and electrical contact is
ensured.

The employed temperature difference should be kept small,
but too small will lead to decreased accuracy. Usually 4–20 K (or
!2–!10 K) is appropriate for the full temperature span. When
using the quasi-steady-state method, all voltages and tempera-
tures should ideally be measured simultaneously16,48 or timed
using the “delta measurement” technique (individual voltage
measurements performed symmetrically in time) or with time
stamps to compensate for a linear dri.19,49

In the slope method the measured raw data is corrected for
constant offset voltages by using the slope of several (DT,V)
points for extracting the Seebeck coefficient.16,19,48,49 The offset
voltages can reach several hundred microvolts, increasing at
elevated temperatures and can be caused by several effects,
including differences in thermocouple wires, reactive samples,
and the cold nger effect (heat being drawn away from the
sample through the thermocouple, causing a temperature
drop between the sample and thermocouple tip due to the
thermal contact resistance). It is an open circuit voltage and is
not usable for continuous power generation since a heat
engine cannot output power without a heat ow. The single
point method is unable to separate this from the actual See-
beck coefficient. The slope method, in contrary, is designed to
extract only the thermoelectric part of the voltage, provided
the offset is constant during one measurement. Most
commercial systems (including the ZEM series by ULVAC-

Rico) use the slope method to extract the Seebeck coefficient
from steady-state measurements.

Instrument geometries

The contact arrangement is also of importance. Generally three
different geometries exist:19,48 2-point (Fig. 2a), off-axis 4-point
(Fig. 2b), and uniaxial 4-point (Fig. 2c). It is important to
minimize electrical and thermal contact resistances and make
sure the temperature and voltage are measured at the same
point in space. This is not realized in the 2-point geometry,
where thermocouple and voltage leads are generally imbedded
in metallic contact pads in the heaters, however, the error may
be small when good thermal and electrical contact is made to
the sample (e.g. by soldering or using pads of high thermal
conductivity metals such as tungsten).17 The 2-point geometry is
also oen used where other considerations than accuracy are
important, such as in scanning systems.39

In the off-axis 4-point geometry the thermocouples and
voltage leads are pressed against the sides of the sample thus
allowing concurrent measurement of Seebeck and resistivity
during one measurement run. This method is used in the most
popular commercial instruments (e.g. by ULVAC-Rico or Lin-
seis). Here the thermocouples are in direct contact with the
sample, reducing the distance between the electrical and
thermal contacts. Since only low force can be used on the
thermocouples to avoid bending (some materials may turn so
at high temperatures), breaking or shiing the sample, the
thermal and electrical contact resistance may actually be large.
High thermal conductivity alumina sheathed thermocouples
extend to outside the heated zone to a chamber near room
temperature. They may thus act as cold ngers and create a
temperature gradient across the thermocouple tip-sample
interface. The thermocouples would then underestimate each
temperature and also DT, leading to an overestimated ther-
mopower (absolute value of Seebeck coefficient).17,19 The anal-
ysis of the cold nger effect by Martin17 further implies that the
average temperature of the two thermocouples (which is used
as the sample temperature) underestimates the true average
temperature of the sample. This effect is expected to be a linear
function of the temperature difference between the sample and
surroundings and will compress the temperature interval of the
measured Seebeck coefficient. If the Seebeck coefficient has
strong temperature dependence this can affect the accuracy
signicantly. A large deviation between the temperatures of the
gradient heaters in direct contact with the sample and average
sample temperature can be an indication that cold nger
effects are affecting the measurement accuracy.

In a recent study by Martin17 the results from the 2-point and
off-axis 4-point geometries were compared. The off-axis 4-point
geometry was observed to yield thermopower values higher than
the 2-point geometry, with the difference being proportional to
the temperature difference between the sample and surround-
ings. With a thorough analysis of the thermal resistances the
study concludes that the cold nger effect is responsible for the
higher thermopower values and that the 2-point geometry is
preferable.

Fig. 2 The three common geometries for Seebeck coefficient
measurements in cross sectional view: 2-point (a), off-axis 4-point (b)
and uniaxial 4-point (c). The upper and lower heaters are shown in red
and blue, the sample in between the two heaters in yellow, and the thin
thermocouple rods in green. The thermal gradient can be applied in
both directions.
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Residual	Resistivity	- 𝜌(𝑇 = 0)

Definition:	Residual	Resistivity	Ratio
RRR	=	'(())	+)

'()	+)
RRR	is	a	measure	of	purity



ρ = AT2

Hussey et al.
PRB 57, 5505 
(1998)

Resistivity:	T	- dependence

Sr2RuO4
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