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Evidence of chiral order in the charge-ordered phase of La; gs;5Bag 125CuQOy
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High resolution polar Kerr effect (PKE) measurements were performed on Lai g75Bag.125 CuOy4 sin-
gle crystals revealing that a finite Kerr signal is measured below an onset temperature-Tx that co-
incides with charge ordering transition temperature Tco. We further show that the sign of the Kerr
signal cannot be trained with magnetic field, is found to be the same of opposite sides of the same
crystal, and is odd with respect to strain in the diagonal direction of the unit cell. These observa-
tions are consistent with a chiral “gyrotropic” order above T. for Laj s7vsBag.125 CuQOy; similarities
to other cuprates suggest that it is a universal property in the pseudogap regime.

Recently, strong evidence has been mounting that var-
ious forms of non-superconducting electronic order occur
as general features of the hole-doped high-T, cuprates
(HTSC) in the pseudogap regime ﬂ] below some charac-
teristic temperature 7. While the existence of magnetic
correlations raises the question of whether time reversal
symmetry (7) is broken, the appearance of charge order
raises the possibility of other broken symmetry states,
including inversion (Z) and chirality (C).

Time reversal symmetry breaking (TRSB) effects have
been predicted to occur within the pseudogap regime
, B], and have been observed in neutron scattering

| and magnetic susceptibility ﬂﬂ] experiments. Polar
Kerr effect (PKE), in which the linear polarization of
light reflected from a sample at normal incidence is
rotated by a Kerr angle 0, is another way to test
for TRSB. Indeed, PKE was recently detected below a
finite temperature Tk, within the pseudogap phase in
YBayCusOgy, single crystals and thin films (YBCO)
B, @], single crystals of Pbg 55Bi1 5511 6Lag4CuOg, (an
optimally doped single layer, BSCCO:2201 phase)
], La1,875Ba0,125CuO4 (LBCO) ﬂﬂ], and
HgBasCuOyy, (underdoped single layer HBCO)
ﬂﬁ] However, a peculiar aspect in the Kerr results,
first noted in the data of YBayCu3zOgy, single crystals
B, ], and subsequently repeated in measurements on
1/s-doped Las_,Ba,CuQOy4, has been the inability to
“train” the effect by cooling through the transition in an
externally applied magnetic field ﬂﬂ] While extrinsic
effects or incipient magnetism that orders above room
temperature were two possible explanations for these
observations, the fact that YBCO single crystals and
thin films showed the same Tk and similar magnitude
of O for the same doping level E], posed an early
challenge to the “contamination scenario.” In addition,
ST @, and recent NMR [15, ] studies on YBCO
and BSCO [16], and HBCO [17], and neutron scattering

measurements on LBCO HE], find no evidence for
magnetic order at any temperature above Tx. Thus, the
absence of training effect may point to a new electronic
state in the cuprates, which PKE measurements are
uniquely suitable to explore.

In this letter we provide further evidence for the
uniqueness of the electronic state in Laj g75Bag.125CuQy.
In addition to 4) the onset of a Kerr signal at a tempera-
ture that coincides with charge ordering Tx ~ Tco HE],
and 7) the inability to train the sign of the Kerr sig-
nal with applied magnetic field while cooling the sample
through Tk HE], we also show that i) the sign of Ok
below Tk is the same for reflection on opposite surfaces
of the same crystal (although the initial sign can vary
among crystals), and iv) when detected, the change in
Kerr signal in response to an applied strain in the (110)
is odd with respect to the response in the (110) direc-
tions. The first three properties, further cast doubt on
the standard interpretation that our Kerr measurements
identify a simple magnetic-like TRSB, while the simplest
way to understand the fourth point is to invoke chiral-
ity. Our results therefore suggest that the Kerr effect
in Laj g75Bag.1205CuOy arises from a novel “gyrotropic”
order that originates from chiral charge ordering in the
pseudogap regime @] The fact that we find an onset of
Kerr signal that coincides with charge ordering in other
cuprates further suggest that it is a universal property in
the pseudogap regime [21).

The growth technique and crystal properties of the
samples used for the data presented in this letter were
discussed previously ] PKE measurements were per-
formed using three different zero-area-loop Sagnac inter-
ferometers (ZASI) [9,[22], one which also included a scan-
ning capability. Where possible, birefringence data was
inferred from the intensity of the interfering beams (mea-
sured in the “second harmonic” channel of the ZASI) as
explained in ref. ] All Kerr data, whether the sample
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was cooled in zero field (ZFC) or finite fields (FC), were
recorded in a magnetically shielded environment with
residual field < 5 mG (ZFW) [13]. We identify Tk as
the onset of Kerr signal above the noise, and, while the
size of the Kerr effect may vary on different points of the
samples (and hence is expected to be different in each
cooldown), the sign of the effect does not change for a
given crystal, as demonstrated in the inset to Fig. [h.
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FIG. 1. Kerr angle data of a typical !/s-doped LBCO sin-
gle crystal. For all LBCO samples measured Tk coincides
with the charge-order transition Tco ~ 54 K (see text). (a)
ZFW Kerr data taken on two parallel opposite ab- surfaces
after ZFC. Also plotted is the intensity of the interfering light
(i.e. “second harmonic” ) in the vicinity of the Kerr transi-
tion ﬂ_‘l__1|]7 which clearly show the anomaly at the first-order
structural transition from low-temperature-orthorhombic to
low temperature tetragonal Trr ~ Tco IE] Inset is a scan
of 20x20 array of pixels, each 10pum in size of the local Kerr
angle at 7' =4 K in some typical part of a crystal. (b) ZFW
data taken on the “first surface,” after £1 kG FC.

To set the stage for our unusual findings, we show in
Fig. [ Kerr angle measurements on a single crystal of
Laj g75Bag.125CuQy similar to the crystals reported in

]. In Fig. [[h, which was measured at zero field after
ZFC, we recognize our earlier results ﬂﬂ] in which the
Kerr signal is very small (practically zero) above the low-
temperature-orthorhombic to low-temperature tetrago-
nal transition (seen also as a sharp drop in the “sec-
ond harmonic” - Vo, signal in that figure, which marks a

sharp change in the birefringence of the crystal), which
also marks the onset of charge ordering at Tco ~ 54 K
HE] Below Tco the Kerr signal increases dramatically
peaking at a maximum, (which in [11] was identified as
the spin-order transition T'so HE]), and leveling at low
temperatures (where in-plane superconductivity is estab-
lished [11].) In Fig. @b we plot Kerr data taken on the
“opposite surface” after FC in £1 kG, attempting to train
the sign of the Kerr signal. While the peak position of
the Kerr signal shifted by about 13 K towards lower tem-
peratures, and the overall size is reduced, the sign of the
signal did not change. Since the size of the signal, as
well as the peak position have been shown to vary for
different samples, as well as different spots on the same
sample ] (see in particular inset of Fig. [Th), we con-
clude that the sample cannot be trained with magnetic
field. This is similar to our previous measurements in
which we “failed” to train the LBCO crystals with mag-
netic fields exceeding 4 tesla [11].

Shifting back to Fig. [[h, we concentrate now on the
“opposite surface” data, noting again a change in the size
and peak position of the signal, but with no change to the
sign of the Kerr signal. This is one of the central findings
of this paper, which together with the in ability to train
the sample with magnetic field prove that the observed
Kerr signal is not a result of simple TRSB phenomenon,
in which the light couples to an order parameter which is
an axial vector, such as the uniform magnetization of a
ferromagnet, or a canted component of the magnetization
in the case of an antiferromagnet. In such case, when the
sample is cooled in zero field, the sign of the Kerr signal
is expected to vary randomly in sign (and in magnitude
for multiple magnetic domains,) between different ther-
mal cycles, while when cooled slowly through Tk in the
presence of an applied magnetic field, the domains are
expected to align in the direction of the field, yielding
a Kerr signal with a sign commensurate with this align-
ment. Such unusual behavior can only be explained by a
chiral state [19, 20)].

To further probe the nature of the signal we mounted
Laj g75Bag.125CuQy crystals on the side wall of a
piezostack (see Fig. Zh for the experimental configura-
tion). Strains can then be applied by the deformation
of the piezo, which is controlled by an applied volt-
age, as previously used for the study of nematic elec-
tronic states in quantum-Hall systems ﬂﬁ], and in iron
pnictide superconductoraﬂ]. Using the same type of
piezostack, Chu et al. | employed a strain gauge to
determine the transmitted strain, finding a maximum
strain ¢ = AL/L < 1074, for samples of thickness of
order 0.1 mm and temperatures below ~100 K (here AL
is the change in the length of the sample of length L in
the direction of the strain). In our experiment we used
the relative change in intensity of light coupled back to
the fiber after being reflected from the sample AI/I to
determine the strain. Assuming strong clamping of the



crystal to the piezo-stack, we can use |AL/L| =~ |At/t]
where At is the change in the sample thickness . Within
a simple model of a single gaussian mode of light in the
fiber, it can be shown that the efficiency n of coupling
of light to the fiber due to a defocusing distance Az
is n = 1/[1 + (Az/2ZR)?], where Zr = mw?/4\ is the
Rayleigh range of coupling (w = 10um is the beam waist
and A = 1.55um is the wavelength) [25]. We estimate
an initial efficiency of coupling of light to the fiber at
1 ~ 0.75—0.8, due to mechanical misalignment and tem-
perature effects. Since Zr ~ 50um is much smaller than
the focal length of the lens (~ 1.5mm), and At < Az
(the initial misalignment is much larger than the strain
effect), we expect AI/I = An/n o« |At/t|. Indeed, us-
ing simple geometrical optics to estimate the fractional
change in sample distance, (i.e. strain) we find

At 1\? Zp AT
“TN(E) T @)

Here I, ~ 2mm and [, ~ 6mm are the distances of the
sample and fiber from the lens respectively, and the sam-
ple thickness was ~ 400 — 500pum. The above simple
estimate gives a maximum strain of ~ 10~% in agreement
with Chu et al. [24]

Fig. summarizes our strain results on one
Laj g75Bag.125Cu0y crystal. First, in Fig. Zb we show
the Kerr transition for that sample. Figs. 2k,d show the
change in Kerr effect as a function of strain. The strain is
proportional to the piezo-voltage, as was discussed above,
and the full scale change in piezo voltage is calculated
from the change in reflected light intensity to be ~ 1074
In each case the temperature was monitored to be con-
stant within 0.3 K, and the slight hysteresis of the piezo
response as measured by the intensity of the reflected
light to be < 4% at 60K and < 2% at 23 K [24]. Nei-
ther influence the Kerr response within the scatter of the
data. Fig. Bk shows the result at 60 K, just above the
Kerr transition, where we cycle the piezo voltage from
zero, to +150 V, back to —50 V and up again to +150
V. The Kerr angle is then plotted against the approxi-
mate strain values which are calculated from the change
in reflectivity using eqn. [ Here we assign zero stress
to zero voltage. While indeed differential thermal con-
tractions of the sample holder, piezo, epoxy, and sample
are all different and may cause a bias stress below room
temperature, it is expected that such stress is uniform
and therefore does not change the behavior we observe
when applying a uniaxial stress. Fig. 2l shows the result
at 23 K, where a strong change in the Kerr angle is ob-
served. Error bars for both figures represent a statistical
average. Since at 23 K the sample is structurally tetrag-
onal, and the charge order changes phase by /2 every
Cu-O layer HE], any change in Kerr angle that originates
from either c-axis coupling, or simple anisotropy in the
a-b plane, would exhibit an extremum at zero strain. The
monotonic response of the Kerr effect through zero strain
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FIG. 2. Kerr angle data of a strained !/s-doped LBCO single
crystal. (a) The experimental set-up. (b) The Kerr response
as a function of temperature. Here we also mark the two
temperatures at which strain-induced changes in Kerr angle
are measured. The two horizontal lines indicate the range of
change of the Kerr effect due to strain at 23 K. (c)-(d) Kerr
angle vs. strain at 60 K and 23 K. Poisitive strain is applied
in leg-1, than polarity is reversed in leg-2, and then reversed
again in leg-3 (see text). Strain is measured through change in
reflectivity (see eqn.[I)). While the Kerr angle did not change
within this cycle at 60 K, it did change at 23 K.

suggests that it is odd under (110) — (110), hence points
towards a chiral state.

The inconsistencies of the PKE results with “simple”
TRSB phenomena found in our measurements, have re-
cently prompted several theoretical studies to explain
these anomalous results HE, 2d, ]. In one set of pro-
posals that requires TRSB, the HT'SC is argued to posses
a “magnetoelectric state,” in which the Hamiltonian of
the system acquires a term «;; F; H;, where «;; is a rank-
2 pseudotensor. Such a “magnetoelectric” system also



breaks inversion symmetry Z, but preserves the product
TT HE, @] Training of the T effect is not possible if only
in-plane components of «;; are present, and in this case
opposite sides of the sample will exhibit the same sign of
Ok [26]. In a concrete example, Aji et al. [19] start from
a so-called “loop-current state” E], where current loops
within a unit-cell lead to two opposing orbital-magnetic
moments which order antiferromagnetically at 7" to a
magnetoelectric state. While this state should not ex-
hibit a Kerr effect, they propose that at Tk, another
loop-current state which breaks chirality C rather than
inversion, but preserves the product 7C HE] appears in
addition to the initial state. Such a “magneto-chiral”
state, which is allowed in a multiband description of the
cuprates @], will exhibit a finite Kerr effect which can-
not be trained by a magnetic field HJ|¢, and will not
change sign on opposite sides of the sample ﬂﬂ] Indeed,
a cascade of transitions was recently identified in ultra-
sound measurements on YBasCuzOg 56 @]

An alternative approach invokes the fact that reflec-
tion from a dissipative medium that lacks a center of
inversion, such as a “gyrotropic” ﬂﬁ] material, also re-
sults in a non-zero O, even if T is preserved @, ].
A non-local term that appears in the constitutive rela-
tions of the material results in an additional term to the
dielectric function Aegp(w, k) = iYape(w)ke (a,b,c, are
the crystal axes). The gryotropic tensor 7y is antisym-
metric with vyepe(W) = —Ypac(w) # 0 if inversion (Z) and
all mirror symmetries are broken [33]. Such a “handed
medium” can in principle exhibit a Kerr effect M],
however, to actually obtain a finite €5, at least one out
of e(w) and 7y(w) need to be complex and hence, €4, (w, k)
to be non-Hermitian, which implies absorption. Surface
roughness further enhances the response at optical fre-
quencies @] Since T is not broken, this “gyrotropic”
Kerr effect cannot be trained with magnetic field, and is
even under flipping the sample @, |ﬂ]

Examples of “gyrotropic” systems include electron
analogs of cholesteric liquid crystals, and related systems
with chiral density-wave ordering. Indeed, we have pre-
sented above strong evidence that Tk coincides with the
onset of charge order. In addition we showed that strain
in the (110)-direction, which is the direction that further
breaks in-plane mirror symmetries (and hence strengthen
the chiral-gyrotropic order) results in an increased Kerr
signal. The fact that both sides of the sample show the
same sign of the effect are also in line with a chiral-
gyrotropic order. Also, careful symmetry analysis @] of
Hall and Nernst effect for possible gyrotropic chiral stripe
ordering in the cuprates finds a zero-field Nernst effects
in Las_,Ba,CuQ,4 to onset at a temperature ~ Tk, con-
sistent with experiment [37).

Finally we note that either the magneto-electric sce-
nario ﬂﬁ,], or the gyrotropic charge order @] predict a
finite Kerr response due to a chiral state. However, we
showed strong evidence that the Kerr effect results from

the striped charge ordering in Laj g75Bag.1205CuQy4. Such
charge ordering may acquire a definite chirality due to
structural effects when the crystal is made as was recently
shown by Poccia et al. @] for BipSroCaCuOgy ., single
crystals. At the same time, Pershoguba et al. proposed
a combination of loop-current magnetoelectric state with
gyrotropy HE] Thus, more experiments as well as the-
oretical work are needed to fully understand the na-
ture of chirality in this system. Also we note at this
point it is not clear what are the consequences of a
gyrotropic state for superconductivity, since at least in
Laj g75Bag.125CuQy it is argued that such a state can
inhibit interplane coupling and hence long-range super-
conducting coherence [39].
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