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We report in-plane resistivity (p) and transverse magnetoresistance (MR) measurements for un-
derdoped HgBasCuOu1s (Hgl201). Contrary to the longstanding view that Kohler’s rule is strongly
violated in underdoped cuprates, we find that it is in fact satisfied in the pseudogap phase of Hg1201.
The transverse MR shows a quadratic field dependence, p/po = aH?, with a(T) oc T~*. In combina-
tion with the observed p o< T2 dependence, this is consistent with a single Fermi-liquid quasiparticle
scattering rate. We show that this behavior is typically masked in cuprates with lower structural

symmetry or strong disorder effects.

The unusual metallic ‘normal state’ of the cuprates,
has remained an enigma. Atypical observations at odds
with Fermi-liquid theory have been made particularly in
the so-called strange-metal regime above the pseudogap
(PG) temperature T (inset of Fig. 1(b)) [1]. In this
regime, the in-plane resistivity exhibits an anomalous ex-
tended linear temperature dependence, p oc T [2], and
the Hall effect is often described as Ry o 1/T [3, 4].
In order to account for this anomolous behavior without
abandoning a Fermi-liquid formalism, some descriptions
have been formulated based on a scattering rate whose
magnitude varies around the in-plane Fermi surface, for
example, due to anisotropic Umklapp scattering or cou-
pling to a bosonic mode [1] (e.g., spin [5] or charge [6]
fluctuations). Prominent non-Fermi-liquid prescriptions
such as the two-lifetime picture [7] and the marginal-
Fermi-liquid [8], have also been put forth. The former
implies charge-spin separation while the latter is a signa-
ture of a proximate quantum critical point.

The transport behavior in the PG state (T < T%)
has furthermore been complicated not only because of
the opening of the PG along portions of the Fermi sur-
face, but also due to possible superconducting (SC) [9],
antiferromagnetic [5, 10] and charge-spin stripe fluctua-
tions [11].

Recent developments, however, suggest that T* marks
a phase transition [12] into a state with broken time-
reversal symmetry [13, 14]. Additionally, the measurable
extent of SC fluctuations is likely limited to only a rather
small temperature range (= 30 K) above T [15, 16].
These strong indications that the PG regime is indeed
a distinct phase calls for a clear description of its intrin-
sic properties. In fact, a simple p = A>T? dependence
was recently reported for underdoped HgBasCuOgys
(Hg1201) [17]. Tt was also found that this Fermi-liquid-
like behavior appears below a characteristic temperature

T** (Te < T** < T*; see inset of Fig. 1(b)) and that the
coefficient A5, when normalized by the number of CuOs
layers per primitive cell, is universal [17]. This indication
of Fermi-liquid transport was further supported by opti-
cal conductivity measurements that demonstrated an w?
dependence and w — T scaling of the scattering rate [18].

For a conventional metal, the change in isothermal
resistivity (dp) in an applied magnetic field (H) obeys
a functional relation known as Kohler’s rule: dp/py =
F(H/po), where pg is the zero-field resistivity at a given
temperature [19]. This relation follows from the fact that
the magnetic field enters Boltzmann’s equation in the
combination (H7) and that pg is proportional to the scat-
tering rate 1/7. In the weak-field limit, most simple met-
als exhibit a H? dependence of the MR, so 6p/pg o< 72 H?.
Therefore, a plot of §p/pg versus (H/pg)? is expected to
collapse to a single temperature-independent curve, if the
number of charge carriers is constant. Additionally, the
temperature dependence of the scattering rate should not
significantly depend on the location along the Fermi sur-
face. This condition is satisfied most easily if there is
only a single temperature dependent scattering rate. A
number of situations in which Kohler’s rule is violated
are discussed further in Ref. [20]. For a Fermi liquid
with 1/7 oc T2, Kohler’s rule is valid if dp/po oc H2T 4.

Prior studies of Las_,Sr,CuO, (LSCO) and
YBasCu3064, (YBCO) reported that Kohler’s rule
is strongly violated in both the PG and strange-metal
regimes [21-23]. The implication of these results is that
charge transport in the cuprates is not as simple as im-
plied by the recent zero-field dc and optical conductivity
work [17, 18].

In this Letter, we revisit the seemingly anomalous
magneto-transport in the PG phase through in-plane re-
sistivity and magnetoresistance measurements of Hg1201.
Hg1201 has a simple tetragonal (P4/mmm) crystal struc-
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FIG. 1. (a) Temperature dependence of the in-plane resistiv-
ity for two Hgl1201 samples. Dotted lines are linear fits to
the high-temperature behavior. Inset: Magnetic susceptibil-
ity shows 7. = 70+ 1 K and 80.5£0.5 K for the two samples,
HgUD70b (black) and HgUDS81 (red). The T¢’s are defined
as the midpoint of the transition, and the uncertainties corre-
spond to 90% of the transition width. (b) Resistivity plotted
versus T2. Dotted lines are fits to p= AsT?. There is some
uncertainty in the conversion to units of p due to difficul-
ties in measuring the exact cleaved sample dimensions [17].
For consistency, we have assumed the same magnitude of p
for the two T, = 70 K samples presented. Inset: Schematic
temperature-hole doping phase diagram. The superconduct-
ing (SC), strange metal (SM) and pseudogap (PG) phases as
well as the characteristic temperatures T* and T™* are in-
dicated. The circles represent the two doping levels of the
present study.

ture with one copper-oxygen layer per primitive cell and
features the highest T, at optimal doping of all single-
layer cuprates [24, 25]. Together with the availability of
high-quality single crystals [26-30], this makes Hg1201 a
particularly interesting compound for transport studies.
We demonstrate that Kohler’s rule is in fact satisfied in
the PG phase of Hgl1201, and that the temperature de-
pendences of p and MR in the PG phase are consistent
with a Fermi-liquid quasiparticle scattering rate. Impor-
tantly, we furthermore demonstrate that Kohler’s rule is
also valid in YBCO, a result previously obscured by crys-
tal twinning and CuO chains. The situation appears to
be more complicated in LSCO, for which we show that
only a modified version of Kohler’s rule is valid.

The preparation of Hg1201 samples for transport mea-
surements is described previously in Refs. [26, 27]. We
present measurements on three samples [31]: two with
T. = 70 K (labeled HgUD70a and HgUD70b; hole doping
p ~ 0.095) and one with 7. = 81 K (HgUDS81; p ~ 0.11),
where the quoted hole concentrations are based on ther-
moelectric power measurements [32]. Figure 1(a) shows
the temperature dependence of p. T is determined from
the deviation from approximate high-temperature linear
behavior and agrees with prior reported values [14, 17].
The same data are plotted versus T2 in Fig. 1(b).
p = AyT? behavior is observed between the character-
istic temperature T** and ~ T, + 20 K. Both the linear

and the quadratic dependencies extrapolate to a negli-
gible residual resistivity (pres & 0), which attests to the
high quality of the crystals.

The field dependence of p was measured in static and
pulsed magnetic fields (Fig. 2) [33]. The pulsed field
measurements were performed up to 30 T at LNCMI-
Toulouse, France, in transverse geometry (j|lab, H||c).
Positive and negative magnetic field sweeps were per-
formed to establish negligeble Hall contribution to the
data. For the low-static-field measurements, we explicity
removed Hall contamination by obtaining data for both
H|lc and H|| — ¢. The MR is independent of the mag-
netic field polarity. The dashed lines in Fig. 2a are fits to
dp1/po = ay H?, where a, is the transverse MR coeffi-
cient. The Kohler plot of the data in Fig. 2(a) is shown in
Fig. 2(b). Kohler’s rule is satisfied at all fields for tem-
peratures between 125 K and 225 K, despite a change
in pg by a factor of ~ 6 in this temperature range. At
100 K, notwithstanding the deviation at low fields, the
high-field data (where SC fluctuations [16, 34, 35] are
suppressed, thus revealing the underlying normal state
transport) exhibit the same slope.

For YBCO and LSCO, particularly at low doping, a
longitudinal MR dp)/dpo (jllab, H||j) was observed and
attributed to an isotropic spin-dependent term [21, 36].
This is excluded in the orbital MR defined as 6 port, /dpo =
(6p1 — 0py)/po [21]. To test the possibility that such
contributions might affect our result, we measured the
second T, = 70 K sample (HgUD70b) and established
that the longitudinal MR is at least an order of magni-
tude smaller than the transverse MR. A similiarly small
longitudinal MR is observed in other cuprates close to
optimal doping [23, 36]. The orbital MR for HgUD70b is
shown in Fig. 2(c). We find that dpen/dpo also satisfies
Kohler’s rule from 125 K to 275 K. Since the longitudi-
nal contribution is small, the transverse and orbital MR
coefficients of HgUD70a and HgUD70b, respectively, are
indistinguishable, as shown in Fig. 3(a). Kohler’s rule
is also found to be obeyed in the PG phase of HgUD81
(Fig.2(d)). Our result is therefore not isolated to a par-
ticular doping level.

As shown in Fig. 3(a), the MR coefficient (a orb =
8p1 orb/poH?) exhibits T—* dependence that extends
from approximately 100 K to at least 7**. Since dp/pg
H?7% < H?T~*, it follows that 1/7 o T2. For Hg1201,
this is consistent with the Fermi-liquid scattering rate be-
low T** infered from the temperature dependence of p.
The difficulty in measuring the small MR at high tem-
peratures precludes an exact determination of the tem-
perature above which Kohler’s rule is violated. If we
assume pure 7% dependence of the MR at all tempera-
tures [21, 36], Kohler’s rule is violated for T' > T™**.

The T—* dependence of the MR was previously re-
ported for a number of cuprates [4, 21, 23]. Neverthe-
less, Kohler’s rule was claimed to be violated [4, 21-23].
Prior conclusions pertaining to the violation of Kohler’s
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FIG. 2. (a) Transverse MR with H || ¢ and j || ab and (b) the corresponding Kohler plot for sample HgUD70a (7. = 70 K)
measured in a maximum pulsed field of 30 T. po is defined as the zero-field resistivity extrapolated from fitting the data above
20 T to the form p = po + a’H?. (c) Kohler plot for the orbital MR (p(H || ¢) — p(H || §) with j || ab) of HgUD70b measured
in a Quantum Design Inc. PPMS system up to 9 T. (d) Kohler plot of the orbital MR for HgUD81 measured in fields up to
9 T. Insets to (b) - (d) are low-field views of the respective panels.

rule in the PG phase of YBCO can be attributed to the
difficulty of measuring the underlying pure p o« T2 be-
havior. In YBCO, Cu-O chains form along the crystal-
lographic b direction and contribute to the charge trans-
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FIG. 3. (a) Log-log plot of the temperature dependence of
the orbital MR coefficient aor, = (a1 — a)) for HgUD70b
and HgUDS81 and of the transverse MR coefficient a, for
HgUD70a. The dashed lines are fits to a = (bT)~*. The
arrows mark the characteristic temperatures T and T7*.
(b) and (c) show, respectively, representative data for aor
and a-axis in-plane resistivity p, from Ref. [36] for YBCO6.5
(YBa2Cu3Og4y with y = 0.5, T, ~ 35 K, p = 0.073) and
YBCO6.6 (y = 0.6, T. ~ 50 K, p ~ 0.085). We estimate the
doping levels by comparing the quoted 7. values to Ref. [37].
The resistivity in (b) is plotted versus 72 to highlight the
pa o T? behavior indicated by dashed lines below the char-
acteristic temperature T, consistent with the inset of Fig.
1(b). (c) is a log-log plot and the dashed lines are fits to the
form (¢ + bT?)™2, with ¢ = 0 for YBCO6.6.

port, which can prevent a clean measurement of the re-
sistivity of the CuQOs planes. Since the relative contribu-
tion to p from the chains is temperature dependent, the
combined contributions would violate Kohler’s rule for
twinned crystals reported in Ref. [21]. Measurements of
very underdoped non-superconducting tetragonal YBCO
(p ~ 0.03) [4], which does not feature CuO chains, and of
the a-axis resistivity p, in detwinned YBCO crystals at
higher doping [36, 38] (the chains are not expected to con-
tribute to transport perpendicular to them) have, in fact,
revealed a T? resistivity. For example, Fig. 3(b) shows
representative data from Ref. [36] with T2-dependence
below a characteristic temperature that decreases with
increasing doping, consistent with 7** [17].

As shown in Fig. 3(c), YBCOG6.6 exhibits the expected
oy, < T4 dependence of the MR, consistent with the
p = A>T? dependence and Kohler’s rule. In slightly more
underdoped YBCOG6.5, p = pres+A2T? with a large resid-
ual resistivity pres. This is reflected in the MR, which is
fit to aey = (c + bT?)72 [36] (Fig. 3(b)), where c is
a residual temperature independent contribution to the
scattering rate. The ratios of the residual term and the
T? coefficient manifested in the MR (¢/b = 9700 K?)
and in the zero-field resistivity (pres/A2 = 10800 K2) are
equivalent to within the uncertainty of the fitted coeffi-
cients, thus Kohler’s rule is obeyed as well in YBCOG6.5.
The temperature dependence of p and the MR in YBCO
are consistent with what is found in Hgl1201. We con-
clude that, notwithstanding the significant differences in
crystal structures, the normal state of both Hg1201 and
YBCO obeys Kohler’s rule at temperatures below 77**.

LSCO exhibits some transport properties that are at
variance with YBCO and Hgl201: a particularly large
residual resistivity and a tendency toward insulating low-
temperature behavior [39] below optimal doping, instead
of the metallic behavior and quantum oscillations found
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FIG. 4. (a) Kohler’s plot for LSCO (z = 0.09) from Ref. [23]
(b) Modified Kohler’s plot, with po replaced by po — pres.
Inset: Temperature dependence of the planar resistivity p in
zero field. The dotted red line is a fit to p = pres + A,T2. Pres
is determined from extrapoating to 1" = 0.

in YBCO and Hgl201 [29, 30, 40, 41]. LSCO also fea-
tures lower structural symmetry, more disorder, and a
significantly lower optimal 7., (= 40 K) than Hg1201 [24].
Nevertheless, the planar resistivity for moderately under-
doped LSCO (z = 0.09) is fit well to p = pres + A2T?
between 70 K and 200 K with a large pres (inset of Fig.
4(b)) [23]. This is consistent with 7** ~ 200 K indi-
cated in Ref. [17]. However, Fig. 4(a) shows the strong
violation of Kohler’s rule for LSCO. Instead, a modified
Kohler’s rule, obtained by replacing po by po — pres, is
obeyed between 70 K and 150 K (Fig. 4(b)). The devi-
ation from this modified Kohler’s rule below 70 K might
be related to the observation of a large Nernst effect and
could be attributed to SC fluctuations [42] or incipient
stripe order [43].

The surprising behavior of the MR for LSCO sug-
gests that ppes results not solely from impurity scat-
tering. Indeed, upon decreasing the hole concentra-
tion in LSCO, either chemically [44] or through elec-
trostatic gating [45], pres extrapolated from high tem-
peratures increases progressively upon approaching the
superconductor-insulator phase transition. Electrostatic
gating revealed a critical CuQOg sheet resistance of R, ~
h/(2e)> = 6.5 kQ [45]. Similiar observations for the
superconductor-insulator transition have been made for
YBCO [46, 47] and BisSraY,Cay_, CusOg [48]. Further-
more, for LSCO, a non-zero extrapolated pyes is observed
in SC samples up to optimal doping [44], and when the
SC is surpressed in a sufficiently large magnetic field,
an insulating ground state is revealed [39]. This phe-
nomenon coincides with the presence of nearly static in-
commensurate spin correlations observed with neutron
scattering [49, 50]. In contrast, pyes for Hgl1201 is small
even in the most underdoped single crystals measured
(p ~ 0.055, T, = 45 K [17]).

The emerging picture for electrical transport in the un-
derdoped cuprates at temperatures below T7* is that of a
Fermi liquid, characterized by a T2 and w? [18] quasipar-

ticle scattering rate. Angle-resolved photoemission spec-
troscopy (ARPES) indicates that a large PG appears in
the antinodal density of states below 7™, leaving small
arcs around the nodal points [51]. The Fermi liquid must
therefore reside on the arcs [4, 17, 38, 52|, where quasipar-
ticle peaks have been detected with ARPES [53]. Upon
warming above T** | the resistivity deviates from the sim-
ple quadratic temperature dependence. Whether or not
T** is a true phase transition or merely a crossover tem-
perature, possibly marking the temperature below which
the pseudogap is fully formed, is an open question.

One consequence of the validity of Kohler’s rule
demonstrated in the present work is that the Fermi
surface should remain largely temperature indepen-
dent between T** and T, + 20 K. Charge-density-wave
(CDW) correlations have been observed in underdoped
YBCO [54, 55|, and also recently in Hgl201 at the
same hole concentration as the HgUD70 samples stud-
ied here [56]. Interestingly, these correlations in both
Hg1201 and YBCO appear at or below T** [56]. The
Fermi-liquid regime below T** extends to very low hole
concentrations [17], in contrast to the CDW order, which
appears to be tied to the doping range of the T.(p)
plateau [54]. Moreover, resistivity [17] and ARPES [57]
results suggest the existence of an arc-like surface with
a doping-independent Fermi velocity. The appearence
of CDW correlations might therefore be contingent on
the stable Fermi surface below T™* suggested by the
present work. ARPES results do indicate that the arc
length remains constant over a wide temperature range in
the PG regime of (Bi,Pb)a(Sr,La)sCuOgs (Bi2201) and
BisSraCaCuyOgys (Bi2212) near optimal doping [58].
However, a complication with Bi2201 and Bi2212 is that
zero-field transport does not yield the underlying Fermi-
liquid charge transport [17]. It has recently been demon-
strated for optimally-doped Hgl201 that quantitative
ARPES measurements are feasible for this cuprate [59],
and it would be interesting to extend such measurements
to lower doping.
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