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Transient terahertz photoconductivity of insulating cuprates
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We establish a detailed phenomenology of photocarrier transport in the copper oxide plane by studying the
transient terahertz photoconductivity of Sr2CuO2Cl2 and YBa2Cu3O6. The peak photoconductivity saturates
with fluence, decays on multiple picosecond timescales, and evolves into a state characterized by activated
transport. The time dependence shows little change with fluence, indicating that the decay is governed by
first-order recombination kinetics. We find that most photocarriers make a negligible contribution to the dc
photoconductivity, and we estimate the intrinsic photocarrier mobility to be 0.6–0.7 cm2/V s at early times,
comparable to the mobility in chemically doped materials.
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I. INTRODUCTION

How does a charge carrier move in an antiferromagnetic
insulator? Since Brinkman and Rice posed this deceptively
simple question over forty years ago [1], it has become a canon-
ical problem in condensed matter physics and is widely thought
to be at the heart of high-temperature superconductivity [2].
Attempts to answer it have traditionally focused on chemically
doped systems with one type of carrier. But it is also possible
to examine the motion of photoexcited charge carriers, which
can now be studied experimentally in real time with pulsed
lasers [3–6], and theoretically with advanced computational
methods [7–10]. As a step in this effort, we have measured the
transient terahertz photoconductivity (THz-PC) of insulating
antiferromagnetic copper oxides, and characterized its depen-
dence on time, frequency, excitation density, and temperature.
We find that photocarriers evolve from a nonequilibrium state
of relatively high mobility to a thermalized state that has
an activated temperature dependence. These measurements
provide a benchmark for future research on optical and
single-particle excitations in magnetic solids.

The photoinduced absorption (PIA) spectrum of copper
oxides at h̄ω � 0.1 eV resembles the absorption spectrum
of chemically doped compounds [11–15], and suggests the
existence of a short-lived Drude conductivity peak [15]. But
at lower frequencies, photoconductivity measurements have
been limited to nanosecond timescales and are dominated
by impurity-band conduction [16]. With its picosecond time
resolution, THz-PC provides a way to probe the intrinsic
low-frequency charge dynamics of photocarriers in the copper
oxide plane [3,4]. By eliminating the influence of chemical
doping, it complements transport and optical measurements
on lightly doped cuprates [17–19]. It also supplements photoe-
mission measurements, which provide access to single-particle
states but not to their transport properties [20,21].

We focus here on photoexcitations in cuprates, but our work
connects to broader research on nonequilibrium phenomena
in strongly correlated systems [6,10,14,15,22–24]. In some
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cases, for example, photocarrier injection can induce transi-
tions between distinct structural, magnetic, conducting, and
superconducting phases [14,15,25]. Photoexcitation can also
liberate bound carriers by melting an ordered state that inhibits
their conduction in equilibrium [4]. Finally, a growing body
of work focuses on similar experiments with quantum gases
in optical lattices [26].

II. PHOTOEXCITATIONS IN INSULATING
COPPER OXIDES

Before we present our results, we describe the basic features
of photoexcitations in the CuO2 plane and discuss their
evolution as the system returns to equilibrium. To relate this
to photoconductivity, we adopt a semiclassical description
in which photocarriers exhibit Boltzmann kinetics and a
quasi-equilibrium Drude-Lorentz response to the terahertz
field [3]. The carriers are regarded as either free or bound, with
population densities determined by the initial photoexcitation
and subsequent kinetic processes. An important assumption
of this picture is that the Drude-Lorentz relaxation times are
short compared to the pump-probe time delay [27], which is
justified empirically by our results.

Undoped CuO2 compounds are antiferromagnetic insu-
lators with an optical gap near 2 eV [28–32]. Figure 1(a)
shows the optical conductivity of a prototypical copper-oxide
insulator, Sr2CuO2Cl2 [31], and Fig. 2 shows a simplified
picture of the photoexcitation process. Optical excitation above
the gap transfers an electron from a O(2p) orbital to a nearby
Cu(3dx2−y2 ) orbital to form a spinless Cu(3d10) state, leaving
the oxygen hole to form a spinless Zhang-Rice singlet by
binding with an adjacent copper hole [33]. Antiferromagnetic
spin excitations couple strongly to the motion of both charge
excitations, as illustrated in Fig. 2(b). We refer to these
electron-like and hole-like excitations as “doublons” and
“holons”, respectively, to emphasize their composite character
and distinguish them from their independent-electron-theory
counterparts.

Mutual Coulomb attraction and magnetic interactions may
also bind photocarriers into excitons [34], and both opti-
cal measurements and resonant inelastic x-ray spectroscopy
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FIG. 1. Transient terahertz photoconductivity of Sr2CuO2Cl2.
(a) Equilibrium optical conductivity from Zibold et al. [31], annotated
to indicate the visible pump photon energy and the terahertz probe
photon energy range. Inset: Schematic of the experimental geometry.
The pump excites photocarriers in the sample, and the terahertz probe
pulse measures the photoconductivity as a function of time. After
passing through the sample, the terahertz waveform E(t) is measured
in the time domain by repetitive sampling of the electric field at
the terahertz measurement time t ; the red marker indicates the point
associated with t = 2.3 ps. We measure the change in E(t) in response
to a pump pulse that precedes the measured field point by a time
delay τ , to determine �E(t,τ ). (b) Measurements at pump fluence
F = 245 μJ/cm2 of �E(t,τ ) relative to the background (obtained
at τ = −14.7 ps) for τ = 1.3, 4.0, 16.0, and 75.4 ps. Also shown
is the reference field E(t), which is transmitted through the sample
without pump excitation. All curves are normalized to Ep , the peak
value of E(t), with different vertical scales for �E(t,τ )/Ep (left) and
E(t)/Ep (right), as indicated by the arrows.

(RIXS) show a broad peak near the charge-transfer gap that
resembles one [29,32,35–37]. The RIXS peak also shows
a direct-gap excitation with a minimum energy at the �

point [36], whereas a simple convolution of the single-particle
holon and doublon dispersion relations would produce an
indirect gap [20,21]. Yet the same measurements indicate
that any bound state at this energy is short-lived, if it
exists at all. The RIXS peak loses spectral weight as its
momentum increases away from � = 0, indicating that it
merges with the single-particle continuum over much of the
Brillouin zone [36]. And over the entire Brillouin zone, the
two-particle linewidth is comparable to and overlaps with
the single-particle angle-resolved photoemission spectroscopy
(ARPES) dispersion, suggesting that the two-particle states are
better described as short-lived resonances than as true bound
states [20,21,35,36].

(a)
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J/2 J/2
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FIG. 2. Schematic of the photoexcitation process in the CuO2

plane, simplified by ignoring lattice distortions and quantum fluctu-
ations of both spin and charge. Singly occupied Cu(3dx2−y2 ) orbitals
are gray, and σ -bonded O(2p) orbitals are red. Blue arrows indicate
the spin orientation of holes that occupy each Cu(3dx2−y2 ) orbital
in an antiferromagnetic arrangement at equilibrium. (a) The pump
field transfers a hole from a Cu(3dx2−y2 ) orbital to a neighboring
O(2p) orbital. The pink circle denotes the negatively-charged spinless
copper site, while the green circle indicates positive charge distributed
among symmetry-equivalent oxygen orbitals. The copper and oxygen
holes form a Zhang-Rice spin singlet [33], represented as spinless
in the subsequent panel. (b) A probe electric field, applied in the
direction of the black arrow in the upper right corner of each
panel, causes the photoexcited charge carriers to move, which in
turn disrupts the antiferromagnetic order. Dotted red lines indicate
unfavorable magnetic bonds that each cost an energy J/2.

All of this indicates that excitons will form a negligible
fraction of the initial photoexcited-state population, especially
if we photoexcite well above the gap energy, as we do in
our experiments. If we define the quantum yield � to be the
fraction of photoexcitations that initially form mobile holon-
doublon pairs, this means � ≈ 1. The photoconductivity is
given by σ = nceμ̄ = 2�nexeμ̄, where nc = nh + nd is the
total photocarrier density, μ̄ = (μh + μd )/2 is the average
mobility of free holons and doublons, and nex is the initial
photoexcitation density. In our experiments we photoexcite
below the threshold photon energy for impact ionization [38],
so we also expect � � 1. Assuming � � 1, a measurement
of σ places bounds on the larger of the two carrier mobilities,
2μ̄ � max(μh,μd ) � μ̄.

As Fig. 2 suggests, holons and doublons have dramatically
different spatial wave functions, so we might expect μh and
μd to reflect that difference. But a variety of theoretical
calculations yield similar quasiparticle dispersion relations for
the two carrier types [2], and ARPES measurements on both
electron-doped and hole-doped cuprates support this conclu-
sion [20,21]. Holons and doublons appear to couple to phonons
with comparable strength [39], and their transport mobilities
both fall in the range μ ≈ 1–10 cm2/V s [17,18]. With this
rationale, we may take μd ≈ μh ≈ μ̄ and � ≈ 1 to estimate
the mobility directly from the initial photoconductivity.

Intraband relaxation and interband recombination return the
system to equilibrium over multiple timescales. Model calcula-
tions indicate that photocarriers relax their excess energy to the
spin and lattice degrees of freedom during the first few hundred
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femtoseconds after photoexcitation [7,40–44]. Mid-infrared
PIA measurements show a subpicosecond initial decay that
has been attributed to nonradiative recombination through
multimagnon emission [14,15,45,46]. The signal subsequently
decays nonexponentially over several hundred picoseconds;
one interpretation of this is that carriers that do not recombine
in the first few hundred femtoseconds become less mobile,
creating a bottleneck to further recombination by reducing
the holon-doublon encounter rate [14,15]. Conventional pho-
toconductivity measurements show that some of these residual
photocarriers can remain for several seconds [16].

The initial PIA decay rate is independent of excitation
density [14,15], which implies first-order recombination ki-
netics. Extended-state recombination is at least second order
in the carrier density, so the initial recombination must proceed
through some kind of localized state. This should be reflected
in the photoconductivity. For example, if holon-doublon pairs
form excitons before recombining [45,46], we expect the
photoconductivity to be suppressed at frequencies below
the exciton binding energy before the recombination event
depletes the PIA at higher frequencies [47,48]. Alternatively, if
individual holons or doublons enter traps before recombining
with oppositely charged carriers in extended states [49,50],
we would expect a Drude peak from the extended carriers and
Lorentzians from the traps, and they would decay together.
Finally, holon-doublon pairs may remain weakly bound by
their mutual Coulomb attraction while retaining the ability to
respond to a terahertz probe pulse as quasifree carriers [51].
Here, we would expect a broad Drude-like peak to decay
through diffusion-limited recombination.

Experimentally, it is difficult to distinguish between
exciton-mediated, trap-mediated, or diffusion-limited recom-
bination in the cuprates. The PIA spectrum below 0.5 eV
decays more rapidly than elsewhere, but this is dominated by
much larger changes in the overall mid-IR PIA spectral weight
during the first few picoseconds [14,15]. In conventional
semiconductors, spectral weight can shift between a free-
carrier Drude peak and a Lorentzian-like exciton peak over
a timescale that is much shorter than the recombination time,
making it possible to identify the spectral change with a shift in
occupation [47,48]. In cuprates, by constrast, the redistribution
is secondary to the changes in the overall spectrum. As a
result, while the overall PIA spectrum shows evidence for
recombination, and the spectral weight transfer indicates that
photocarriers become localized over time, it is less clear
whether these localized states are responsible for the first-order
kinetics or merely a residue of it.

To summarize, photoconductivity in insulating cuprates
involves composite holon and doublon charge carriers ap-
proximately equal mobilities. To the extent that excitonic
effects are important, their binding energy is small enough that
photocarriers excited well above the gap energy should initially
be delocalized. During the same subpicosecond timescale that
the carriers relax through intraband scattering, experiments
show that the holons and doublons recombine through a first-
order kinetic process that involves localized states; the remain-
ing carriers then evolve over multiple timescales. Transient
terahertz photoconductivity measurements can monitor this
entire evolution in real time, and determine the photocarrier
mobility at early times.

III. EXPERIMENT

A. Sample preparation

We studied single-crystal platelets of two prototypical
insulating cuprates, Sr2CuO2Cl2 (SCOC) and YBa2Cu3O6

(YBCO6). All samples measured several millimeters in each
a-b-planar dimension and a few tenths of a millimeter along
the c axis. Both YBCO6 and SCOC are tetragonal, so they are
optically isotropic in the a-b plane—unlike YBa2Cu3O7−δ ,
for example, which has one-dimensional Cu-O chains, is
monoclinic, and is optically anisotropic [52]. SCOC crystals
were grown by cooling the melt from 1110 ◦C to 1075 ◦C at a
rate of 3 ◦C/hr in an alumina crucible [53]. YBCO6 crystals
were fabricated by a top-seeded melt growth technique [54].
The oxygen content of 6.00 to 6.01 in the YBCO6 crystal is
achieved by annealing at 700 ◦C under 5 × 10−7 torr oxygen
pressure for 10 days. We saw no significant changes in the
optical response during weeks of continuous experiments on
the same samples, indicating the absence of photoinduced
structural changes.

B. Transient terahertz photoconductivity

The inset to Fig. 1(a) shows a schematic of our measurement
process. We create photocarriers by illuminating the sample
at a 10-degree angle of incidence with 100 fs, 3.10 eV pump
pulses from a frequency-doubled laser amplifier that operates
at a 1 kHz repetition rate. We probe their transient THz
response using standard nonlinear optical methods with ZnTe
generator and detector crystals [3]. The optical penetration
depth of the pump is approximately 100 nm, and the sam-
ples are transparent at terahertz frequencies, so we use a
transmission geometry and treat the photoconducting layer in
the thin-film approximation for analysis. The terahertz beam
diameter is 2.2 mm or less for all frequencies above 2 meV,
and our pump beam diameter is 5 mm. The noncollinear
geometry limits our temporal resolution to approximately one
picosecond.

To determine the time-dependent photoconductivity, we
mechanically chop the pump beam to measure �Echop(t,τ ),
the change in the THz probe field as a function of THz
measurement time t and pump delay τ . We observe a
residual signal at negative pump delays, indicating that the
system has not fully recovered during the 1 ms interval
between successive THz pulses. We treat this as a background
and subtract it from all measurements at positive delays,
to obtain �E(t,τ ) = �Echop(t,τ > 0) − �Eback(t), where
�Eback(t) = �Echop(t,τ = −14.7 ps). We then compare this
to a reference THz field E(t) transmitted through the unexcited
sample.

Figure 1(b) shows E(t) together with �E(t,τ ) at various
values of τ , all for SCOC and normalized to Ep, the
peak of the reference field at t = tp. Results for YBCO6
are qualitatively similar, with quantitative differences that
we discuss below. Dividing the difference signal by the
reference in the frequency domain gives �E(ω,τ )/E(ω),
the fractional change in the THz transmission spectrum.
The optical penetration depth is much shorter than the THz
penetration depth, so we treat the photoexcited material as
an optically thin conducting film on an insulating substrate.
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FIG. 3. Room-temperature fractional change in the peak THz
field amplitude transmitted through SCOC after photoexcitation with
F = 245 μJ/cm2. Each point represents an average over N > 300
individual measurements, and the error bars show the standard
error, estimated with a bootstrap method. The solid line depicts a
model of multiple exponential decays convolved with a Gaussian
pulse shape, as described in the text. Markers identify τ = 1.3 (◦),
4.0 (�), 16.0 (�), and 75.4 (�) ps, as in Fig. 1(b). Inset: Room
temperature photoconductivity spectra obtained from Fig. 1(b). Solid
lines indicate mean values.

In the small signal limit, and for time delays greater than
the photocarrier momentum relaxation time [27], the THz-PC
is σ (ω,τ ) ≈ −(1 + n)[�E(ω,τ )/E(ω)]/δZ0, where Z0 is the
impedance of free space, n the THz refractive index of the
sample, and δ its optical penetration depth; we took values for
n and δ from Refs. [31,55,56].

The inset of Fig. 3 shows the real part of the THz-PC,
σ1(ω,τ ), obtained from the data in Fig. 1(b). Our results for
the imaginary part, σ2(ω,τ ), are consistent with zero within our
measurement uncertainty. This supports our assumption that
the photocarrier momentum relaxation time is short, providing
a consistency check on our analysis. We also find that σ1(ω,τ )
is approximately constant across our measurement bandwidth,
and remains so as it decays with increasing τ . The spectra
clearly extrapolate to a nonzero σ1 at ω = 0, indicating the
existence of free, mobile carriers over the timescale of our
measurement.

The lack of dispersion in σ1(ω,τ ) allows us to focus on
the time dependence by relating the THz-PC to the difference
signal at the peak of the THz field. We define σ1(τ ) = −(1 +
n)�E(tp,τ )/δZ0Ep ≈ 〈σ1(ω,τ )〉ω, and show −�E(tp,τ )/Ep

in the main panel of Fig. 3. The THz-PC develops promptly
upon photoexcitation, then decays on multiple picosecond
timescales. As discussed in Sec. II, qualitatively similar time
dependence is observed in the mid-infrared PIA spectrum of
other insulating cuprates [14,15], indicating it is influenced
mainly by the carrier density, not the mobility.

We can fit the time dependence with a model of multiple ex-
ponential decays convolved with a 1 ps FWHM Gaussian pulse
shape, y(τ ) = [f ∗ g](τ ), with f (t) = e−(t−t0)2/2w2

/(
√

2πw),
w = 425 fs, and g(t) = 
(t)(a1e

−t/T1 + a2e
−t/T2 + a3). For

the data shown in Fig. 3, this yields time constants T1 = 1.8 ±
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FIG. 4. Peak photoconductivity as a function of incident fluence
for (a) SCOC and (b) YBCO6. Solid lines show fits with the saturation
model discussed in the text, with F0 = 221 μJ/cm2 for SCOC and
F0 = 275 μJ/cm2 for YBCO6. The insets show the time-dependent
photoconductivity, normalized to the peak value, for three different
fluences: 69, 122, and 245 μJ/cm2 for SCOC and 66, 127, and
230 μJ/cm2 for YBCO6, denoted by blue, purple, and red curves,
respectively. In YBCO6, the temporal response exhibits no significant
fluence dependence, whereas in SCOC there is a weak increase in the
overall decay rate with increasing fluence.

0.1 ps and T2 = 36 ± 3 ps (here and elsewhere uncertainties
are given as standard errors), with χ2 = 53 for 57 time points
and six fit parameters. Measurements on YBCO6 show similar
behavior, with T1 = 1.1 ± 0.1 ps, T2 = 7.7 ± 0.6 ps, and
χ2 = 9 for 42 time points and six fit parameters. Note that the
measured conductivity is reduced by a factor of ζ = y(0)/g(0)
from its intrinsic w → 0 value at τ = 0 in this model; the
fits give ζ = 0.73 ± 0.02 for SCOC and ζ = 0.6 ± 0.1 for
YBCO6.

IV. RESULTS AND DISCUSSION

A. Peak photocarrier mobility

We can estimate the photocarrier mobility by examining
the peak THz-PC, σ1p = σ1(τ = 0), as a function of incident
fluence F , shown in Fig. 4. Measurements on both materials
are fit well by a saturation model,

σ1p(F ) = αF

1 + F/F0
, (1)

where F0 is the saturation fluence and α is constant. Similar
fluence dependence is visible in the pump-probe response
of several correlated insulators at higher probe frequen-
cies [15,22,23,57,58], and we believe it is caused by a new
recombination channel that opens at high fluence [59]. At
low fluence, F 
 F0, σ1p ≈ αF , and we can determine the
mobility from

α = ζ�(1 − R)

δh̄ωp

e(μd + μh), (2)

where ζ is the reduction factor defined in Sec. III B; � is the
quantum yield defined in Sec. II; (1 − R)/(δh̄ωp) = nex/F ,
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TABLE I. Comparison of infrared PIA at 100 meV [14,15] with
the maximum optical density change expected at THz frequencies
for the same density. The THz optical density estimates are obtained
by extrapolating the present measurements following a procedure
described in the text.

Material xph �OD (100 meV) max �OD (THz)

Nd2CuO4 0.027 0.08 0.06 ± 0.01
La2CuO4 0.055 0.05 0.11 ± 0.01

the ratio of the excitation density to the fluence in the
F/F0 → 0 limit; μd,h are the doublon and holon mobilities;
ωp is the pump photon energy; and R is the equilibrium
reflectance. Taking the values given in Sec. III B for ζ and
assuming � = 1 and μd ≈ μh, fits with Eqs. (1) and (2)
yield μh = 0.72 ± 0.06 cm2/V s for SCOC and μh = 0.6 ±
0.1 cm2/V s for YBCO6. These estimates provide lower
bounds on the intrinsic photocarrier mobility of the copper
oxide plane, and they are six orders of magnitude larger than
earlier photocarrier mobility estimates [16]. If μd �= μh, the
larger of the two mobilities could be as much as a factor of 2
greater, and if � < 1, the mobility will be 1/� greater.

Our analysis assumes that the macroscopic photocarrier
spatial distribution remains approximately constant during our
measurement time, and our mobility measurements justify this
assumption. Using the Einstein relation, we can estimate the
carrier diffusion constant at room temperature to be D ≈
1.9 nm2/ps, which implies that photocarriers travel 17 nm
within the a-b plane during our 150 ps observation window.
Furthermore, dc resistivity measurements of lightly doped
YBa2Cu3O6.2 indicate that the mobility along the c axis is
close to one thousand times smaller than in the plane [60].
This reduces the out-of-plane diffusion distance to 0.5 nm,
much smaller than the optical penetration depth of the pump.

We compare our results with the PIA measurements
of [14,15] in Table I, although this involves significant
systematic uncertainties. The most important of these is that we
can not simply extrapolate Eq. (1) to the higher densities used
in their measurements, because we have found separately that
the saturation fluence F0 varies significantly with both material
and pump wavelength [59], and both of these vary between
the PIA measurements and ours. We extrapolate instead with
σ1p = αF , using α from the fits to Eq. (1). Although this
ignores saturation, it allows us to set an upper bound on σ1p

for comparison. To convert their excitation photon densities
xph to fluence, we note that they define the average density
over the excitation volume differently, xph = (1 − 1/e)nex;
we also divide by ζ to correct for their higher temporal
resolution. They report their results as changes in optical
density, so we compute �OD ≈ log10[1 − 2�E(tp,0)/Ep] ≈
0.87αδ2Z0h̄ωpxph/[(1 − n)(1 − R)(1 − 1/e)] and average
the extrapolations for SCOC and YBCO6 to obtain the
estimates shown in the table. Considering the uncertainties,
the results show reasonable agreement for measurements on
both La2CuO4 and Nd2CuO4.

A comparison with theory indicates that the mobility is
limited by both electron-magnon scattering and electron-
phonon scattering. The initial temperature and quantum yield

of the photocarriers may also play a role, but we assume
these are less important. An exact diagonalization study
of the t-J model with J = 0.3t shows a low-field limit,
μ = 1.32ea2/h̄ ≈ 3 cm2/V s, that is 4–5 times higher than our
results [61]. Including electron-phonon interactions introduces
additional scattering that reduces the mobility and improves
the agreement. A study of the hole mobility in the t-J -Holstein
model, for example, showed that it decreased by a factor of
2 when the electron-phonon coupling constant increased from
λ = 0 to λ = 0.3 [62]. The photoconductivity calculated in the
Hubbard-Holstein model shows a similar decrease [41]. Both
results are within a factor of 2–3 of our peak photoconductivity.

B. Photoconductivity decay

The unusually rapid recombination in the insulating
cuprates explains a puzzling discrepancy between differ-
ent measurements of their mobility. Earlier authors mea-
sured the dc photoconductance per square �g� per in-
cident photon flux Fph, �g�/Fph ≈ 10−24 �−1 cm2 s, and
estimated the carrier recombination time to be τr ≈ 10
s from microsecond-resolution photoconductance measure-
ments [16]. This gave ημ = �g�/(eFphτr ) ≈ 10−7 cm2/V s,
where the internal quantum efficiency η denotes the fraction
of photoexcitations that contribute to the current, equal to the
product of the quantum yield � and the free-carrier survival
probability over the measurement time. The authors noted that
this estimate was orders of magnitude smaller than expected,
and suggested that the photocarrier states are more localized
than their doped counterparts. Our results show that the
photocarrier mobility is comparable to that of doped carriers,
but that they recombine over a timescale that is thirteen orders
of magnitude shorter than previously assumed. The carriers
that remain are less mobile, but they last for a long time,
so they dominate in a dc measurement. The contribution
during our measurement window, T ≈ 150 ps, is a negligible
fraction of the total, �g�/Fph = (h̄ωpδ)

∫ T

0 σ (τ ) dτ/F ≈ 2 ×
10−30 �−1 cm2 s.

The insets to Fig. 4 show that the time dependence of
σ1p is approximately independent of fluence. As discussed in
Sec. II, this indicates that the decay is dominated by first-order
kinetics, since higher-order processes should cause the decay
rate to increase with increasing density. In the multimagnon
decay model of [45,46], the recombination rate is limited
by the decay process and occurs through an exciton state
that ensures the kinetics is first-order. In many low-mobility
semiconductors, however, the recombination rate is thought
to be limited by the time it takes for charge pairs to reach
each other [63], and we can derive two pertinent length scales
from our results. At high density, the photocarriers become
increasingly likely to interact with the oppositely charged
carriers of nearby excitations, so the absence of bimolecular
recombination would indicate that the photocarriers remain
localized as geminate pairs. At low density, the recombination
time places an upper bound on the carrier separation that can
still produce diffusion-limited recombination.

The mean in-plane separation r̄0 between neighboring
photoexcitations at the saturation fluence F0 is less than
seven lattice constants in both SCOC and YBCO6, and
the encounter radius re set by the recombination time is
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FIG. 5. Time-dependent photoconductivity of SCOC with F =
240 μJ/cm2 (a) and YBCO6 with F = 220 μJ/cm2 (b), at T =
15 K (blue), 150 K (purple), and 300 K (red); for clarity, the curves
are shifted along the τ axis by 0, 3, and 6 ps, respectively. Insets:
Photoconductivity at the peak (dark blue circles, left axis) and over the
tail (gold squares, right axis) of the time-dependent photoconductivity
curves shown in the main panels, as a function of base temperature T .
Tail photoconductivity is the average over 100 < τ < 150 ps. Dashed
lines show fits of σ1p(T ) = 1/(ρ0 + AT 2) to the peak data; dotted
lines show fits of σ1t = σ0 exp(−εA/kBTeff) to the tail data, using a
laser-heated effective temperature Teff = (T 4 + T 4

� )1/4 as described
in the text.

10–12 lattice constants. Letting d denote the separation
between copper oxide planes, and nex,0 = (1 − R)F0/(h̄ωpδ)
the nominal saturation density, nex,0 ≈ 5 × 10−3/Cu in SCOC
gives a mean separation r̄0 = (1/2)(nex,0d)−1/2 ≈ 2.7 nm,
while nex,0 ≈ 6 × 10−3/Cu gives r̄0 ≈ 2.5 nm in YBCO6.
At low density, the diffusion-limited encounter time for an
isolated holon-doublon pair separated by re is

te =
∫ re

0

dr

(μh + μd )E(r)
= 4πεrε0r

3
e

3e(μh + μd )
, (3)

which gives re ≈ 5 nm, about twelve lattice constants, for
the mobility and initial decay time measured for SCOC, and
re ≈ 4 nm, about ten lattice constants, for YBCO6. While
neither of these estimates enable us to exclude diffusion-
limited recombination in SCOC and YBCO6, they place strong
constraints on the initial photocarrier distribution that could
produce it.

C. Temperature dependence

The temperature dependence shown in Fig. 5 demonstrates
that thermal excitations inhibit the THz-PC at early times, but
enhance it at longer times. To understand this, we assume that
the recombination processes are independent of temperature,

σ1(τ,T ) = nc(τ )eμ̄(τ,T ), and identify μ̄(τ,T ) with scattering
and trapping processes that change with both time and temper-
ature as the carriers evolve toward equilibrium. At fixed time,
we assume the carriers form a quasi-equilibrium distribution
and treat their temperature dependence as we would in
equilibrium. While this is clearly a gross simplification for the
state immediately after photoexcitation, we expect it to become
more accurate as time progresses. Under these assumptions,
the temperature dependence indicates coherent transport at
early times, which crosses over to hopping transport at longer
times.

We can fit σ1(τ,T ) to standard transport models to make this
description more quantitative. To account for the dependence
of T on the laser pulse energy, we assume a Debye model
for the specific heat, C ≈ βT 3, and relate the absorbed
laser energy density E ≈ F (1 − R)/δ to a characteristic
temperature T� = (4E/β)1/4. A photoexcited region will then
reach an effective temperature, Teff = (T 4 + T 4

� )1/4, if all of the
laser energy is dissipated thermally. For a Debye temperature

D ≈ 350 K [64], we get T� ≈ 100 K. Fits with an activation
model to the THz-PC at long time delays, σ1t = 〈σ1(τ >

100 ps, T )〉τ = σ0 exp(−εA/kBTeff), are shown in the insets
to Fig. 5, and yield activation energies εA = 7 ± 2 meV
for SCOC and εA = 12 ± 1 meV for YBCO6, both with
T� ≈ 75 K and σ0 ≈ 1 (� cm)−1. These activation energies are
remarkably low, much smaller than the characteristic phonon
and magnon energies, and suggest hopping in a relatively weak
disorder potential.

The insets to Fig. 5 also contrast the temperature de-
pendence of σ1p with σ1t , and indicate that the intrinsic
photocarrier mobility exhibited at τ = 0 is degraded by
equilibrium thermal fluctuations. At these early timescales we
cannot assume that the laser energy has dissipated into lattice
heat, so we simply fit the equilibrium temperature dependence
with the phenomenological model σ1p(T ) = 1/(ρ0 + AT 2),
shown as curves in Fig. 5 with best-fit values A = 390 ±
50 n� cm/K2 for SCOC and A = 910 ± 50 n� cm/K2 for
YBCO6. We emphasize here that while this is the same
temperature dependence that Fermi liquid theory predicts for
electron-electron scattering, other power laws would fit equally
well. We use this form because it is a simple analytic expression
that captures the temperature dependence.

V. CONCLUSIONS

In summary, THz-PC shows photoconductivity in insulat-
ing cuprates with a common dependence on fluence, time,
and temperature. The peak photoconductivity saturates with
fluence, but in the low-density limit we can infer an intrinsic
photocarrier mobility of 0.6–0.7 cm2/V s. This value is
close to the mobility of doped carriers, and is qualitatively
consistent with both theoretical predictions and earlier PIA
measurements. The photoconductivity decays on multiple
picosecond timescales, with an initial decay time of 1–2 ps.
Earlier photoconductivity measurements were insensitive at
these timescales, so the mobilities estimated from them were
much lower.

The decay shows a time dependence that is approximately
independent of fluence, indicating that it is governed by
first-order kinetic processes. Similar time dependence was
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observed in the infrared PIA spectral weight, indicating
that it is caused primarily by carrier recombination. Our
fluence-dependent measurements place limits on the possible
recombination pathways, because they include densities for
which the mean separation between photoexcitations is only
a few lattice constants. The decay time imposes an additional
constraint on diffusion-limited recombination mechanisms.

At early times the conductivity decreases with increasing
temperature, while at later times it shows the opposite
dependence. Assuming that the recombination kinetics is
temperature independent and applying a quasi-equilibrium
interpretation of the mobility, this indicates that the system
crosses over from a coherent regime at early times to a hopping
regime at later times. The temperature dependence at selected
fixed times can be fit with standard equilibrium transport
models, and in the hopping regime this yields activation
energies of about 10 meV, indicating a weak disorder potential.

Our work suggests several avenues for future development.
While we have shown that our results are broadly consistent
with other measurements, numerous gaps remain in the
frequencies, temporal resolution, excitation densities, temper-
atures, and materials that have been studied. Measurements

that bridge these gaps would clarify how photocarriers behave
in insulating cuprates and establish a broader foundation for
more general theoretical and experimental work on interacting
electrons out of equilibrium. In particular, the saturation that
we have described is observed in many other materials, but the
mechanism remains poorly understood. From a purely practi-
cal point of view it is often useful to increase the excitation
fluence to enhance the signal-to-noise ratio in experiments,
so it is important to understand how the saturation limits this
approach. It also represents a robust feature of the photoexcita-
tion process that demands a fundamental explanation. Finally,
studying the evolution of these effects with chemical doping
will strengthen our understanding of the excitations across
the phase diagram of the doped antiferromagnetic insulator,
allowing new insight into high-temperature superconductivity.
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and J. Bonča, Multistage dynamics of the spin-lattice polaron
formation, Phys. Rev. B 90, 125104 (2014).
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[45] Z. Lenarčič and P. Prelovšek, Ultrafast Charge Recombination
in a Photoexcited Mott-Hubbard Insulator, Phys. Rev. Lett. 111,
016401 (2013).
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