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1 Introduction In recent years, femtosecond time-
resolved spectroscopy has been recognized as a powerful 
bulk technique to study temperature (T) -dependent changes 
of the low-lying electronic structure of superconductors 
and other strongly correlated electron materials [1–3]. It 
provides a new avenue, namely the time domain, for un-
derstanding the quasiparticle (QP) excitations of a material. 
It was used, for example, to determine the magnitude of 
the electron–phonon coupling constant of conventional su-
perconductors [4, 5], uncouple the dynamics of the super-
conducting (SC) and pseudogap phases (for example, [6]), 
and determine the bare QP recombination rate [7]. Reviews 
exist that survey the use of time-resolved methods such  
as all-optical pump–probe, terahertz time domain spec-
troscopy (THz-TDS), and optical pump–THz probe  
(OPTP) spectroscopy, in the study of strongly correlated 
materials (see, for example, [1] and [2]). Recently, the ex-
citing technique of time-resolved angle-resolved photo-
electron spectroscopy (TR-ARPES) was used to study the 
dynamics of photoexcited electrons in optimally-doped 

Bi2Sr2CaCu2O8+ , and concluded that 20% of the total lat-
tice modes dominate the coupling strength between elec-
trons and phonons, with the electron–phonon coupling 
constant ! < 0.25 [8]. Also, the coupling strength between 
fermionic quasiparticles and spin fluctuations (another type 
of bosons like phonons) was recently estimated from a 
consistent description of time-integrated ARPES and ine-
lastic neutron scattering data on the high-temperature su-
perconductor (HTSC) YBa2Cu3O6.6 [9]. This shows that 
time-resolved and time-integrated techniques of the same 
type complement each other in answering important ques-
tions regarding the mechanism of high transition tempera-
ture (Tc) superconductivity.  

Ultrafast techniques, however, have largely been used 
to study single phases in superconductors. In materials 
where different order parameters coexist or compete with 
one another, photoexcited electrons couple differently to 
these degrees of freedom (such as charge, lattice, spin, or-
bital). These photoexcited electrons thus relax via different 
pathways, and this shows up as multi-component relaxa-

We present a review of photoexcited quasiparticle dynamics

of cuprate and pnictide high-temperature superconductors in

regimes (temperature, doping) where different phases such as

superconductivity, spin-density-wave (SDW) and pseudogap

phases coexist or compete with one another. We start with the

overdoped cuprate superconductor Y1–xCaxBa2Cu3O7– , where

the superconducting gap and pseudogap coexist in the super-

conducting state. In another cuprate Tl2Ba2Ca2Cu3Oy, we ob-

 serve a competition between SDW and superconducting or-

ders deep in the superconducting state. Finally, in the under-

doped iron pnictide superconductor (Ba,K)Fe2As2, SDW or-

der forms at 85 K, followed by superconductivity at 28 K. We

also find the emergence of a normal-state order that sup-

presses SDW at a temperature T* ~ 60 K and argue that this

normal-state order is a precursor to superconductivity. 
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tion in the raw data, with different relaxation times. In this 
Review, we present time-resolved studies of photoexcited 
QP dynamics in HTSCs where superconductivity coexists 
with long-range orders such as the pseudogap phase, the 
antiferromagnetic (AFM) (or spin density wave, SDW) 
phase, or both. In the cuprate HTSC Y1–xCaxBa2Cu3O7–  
(Y-123) [6], there is evidence of the coexistence of the SC 
gap and pseudogap in the SC state. In the tri-layered  
cuprate HTSC Tl2Ba2Ca2Cu3Oy (Tl-2223, Tc = 115 K) [10] 
we observe that its pristine SC state (40 K < T < Tc) subse-
quently evolves into a coexistence phase (of superconduc-
tivity and AFM phase) as evidenced by a strong modifica-
tion of the gap dynamics below 40 K. In the pnictide 
HTSC (Ba,K)Fe2As2 (BKFA) [11] the situation is more 
complicated: in the underdoped sample, three energy sca-
les exist – SDW (at Néel temperature TN ~ 85 K), super-
conductivity (at Tc ~ 28 K) and a normal-state phase (at  
T* ~ 60 K). This normal-state phase smoothly evolves into 
the SC phase, and at the same time suppresses the SDW 
phase. We attribute this normal-state phase to the emer-
gence of precursor superconductivity. The data from 
BKFA are also consistent with the notion of phase separa-
tion in these materials. This Review shows that, not only 
are ultrafast techniques very useful in discerning the exis-
tence of different phases in the material, they can also tell 
us whether one phase (such as superconductivity) merely 
coexists, or competes with another phase in close prox-
imity (such as SDW phase). We only discuss data taken 
from the all-optical pump–probe setup, since other tech-
niques, such as time-resolved THz and photoemission, 
have not yet begun to explore the issue of competing or-
ders in superconductors. 

 
2 Experimental technique An ultrafast pump–

probe setup employs sub-100 fs optical pump pulses to 
photoexcite QPs in a material. The subsequent evolution 
and relaxation of QPs is monitored by measuring the chan-
ges in material’s reflectance (or transmittance) by time-
delayed probe pulses. The probe pulses are usually at least 
10 times weaker than the pump pulses. A train of pulses 
from a femtosecond laser is split into pump and probe parts 
by a beamsplitter, and the time delay between pump and 
probe is achieved via a longer propagation path for the 
probe beam (a 1 cm path difference corresponds to 33.3 ps 
time delay). Typical pump–probe data on a metal are 
shown in Fig. 2(a), the T = 80 K curve. The pump pulse 
hits the surface of the material at time t = 0 ps, and a sharp 
change (a sharp rise in Fig. 2(a)) in the material’s photoin-
duced reflectance (#R/R) is observed. The rise time in 
#R/R is usually the result of QP population buildup com-
peting with the decay of QPs, but sometimes it is a coher-
ent artifact. The subsequent decay of #R/R indicates the re-
laxation of photoexcited QPs to equilibrium population.  

Pump–probe studies of superconductors reviewed here 
were carried out in a low-excitation regime with photoin-
duced QP density of ~0.001/unit cell. Such low excitation 
density is achieved by using 0.3–1 mW of average power 

from an 80 MHz repetition rate Ti :sapphire laser operating 
at 800 nm wavelength (1.55 eV) and focusing the pump 
and probe pulses down to 60 µm and 30 µm spots, respec-
tively. The small spot sizes minimize sample heating by 
the pump, which is typically ~10 K at the lowest T and is 
accounted for in all data presented here. The sensitivity in 
#R/R of at least 1 part in 106 was achieved by modulating 
the pump beam at 1 MHz with an acoustic-optical modula-
tor.  

QP relaxation in a normal metal is governed by elec-
tron–electron (e–e) and electron–phonon (e–ph) scatter-
ing. At high T, e–e scattering proceeds much faster than 
e–ph scattering. The photoexcited QP distribution thermal-
izes through e–e scattering within tens of femtoseconds, 
and after that the e–ph scattering allows the equilibration 
electronic and lattice temperatures [12]. This e–ph relaxa-
tion manifests as a decay of photoinduced #R/R on a pico-
second (ps) time scale. The decay is well described by a 
single-exponential decay function #R/R = A exp (–t/$), 
where A and $ are fitting parameters. The amplitude A is 
proportional to the photoexcited QP density, whereas the 
relaxation time $ corresponds to e–ph relaxation and is re-
lated to the e–ph coupling constant ! [4], which allows the 
measurement of ! in conventional superconductors by 
measuring $ in their normal state at room temperature [5]. 

In superconductors and many other correlated electron 
materials, many-body interactions open a gap in the QP 
density of states, thereby introducing an additional time-
scale for the QP dynamics. Independent of its origin, the 
opening of a gap presents a bottleneck to ground state re-
covery following photoexcitation of QPs across the gap. 
This bottleneck results in a quasidivergence of the relaxa-
tion time near Tc. Figure 1 illustrates the origin of this qua-
sidivergence. After the initial fast e–e thermalization, the 
QPs reside on the gap edge. They can recombine to form 
Cooper pairs and emit a high-frequency phonon (HFP) 
(with energy % > 2#, where # is the gap magnitude). If 
these HFPs remain in the system, they can break Cooper  

 

  

Figure 1 (online colour at: www.pss-rapid.com) Schematic to 

explain the quasi-divergence of the relaxation time near Tc, when 

a gap opens up in the density of states. Iph is the scattering inte-

gral for the processes where the HFPs decay or inelastically scat-

ter to become LFPs. 
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pairs to create more QPs, thus slowing down the (energy) 
relaxation of the QPs in the system.  

However, if these HFPs manage to lose their energy 
(via processes described in the next section) to form low-
frequency phonons (LFP) (% < 2#), then these LFPs will 
not have enough energy to break any Cooper pairs. The 
rate at which the HFPs lose their energy increases with the 
gap magnitude [13]. As temperature decreases, the gap 
magnitude increases, thus the population and energy of the 
QPs decrease (i.e. relax) faster, causing a shorter relaxation 
time. This explains the quasi-divergence of the relaxation 
time as T approaches Tc from below. Interactions which 
perturb the gap thus manifest as an easily measured change 
in the temporal response by monitoring changes in #R/R 
(or transmission) of an interrogating probe beam. This ef-
fect was first considered by Rothwarf and Taylor [14]. 
Their description of QP relaxation in a superconductor is 
now known as the Rothwarf–Taylor model.  

 
3 Rothwarf–Taylor model The Rothwarf–Taylor 

(RT) model is a phenomenological model that was used to 
describe the relaxation of photoexcited superconductors  
[7, 14], where the presence of a gap in the electronic den-
sity of states gives rise to a relaxation bottleneck for carrier 
relaxation. When two QPs with energies &# recombine, a 
HFP is created. The HFPs released in the QP recombina-
tion are trapped within the excited volume and can further 
re-break Cooper pairs; hence they act as a bottleneck for 
QP recombination, and recovery of superconductivity is 
governed by the decay of the HFP population. The evolu-
tion of QP and HFP populations is described by a set of 
two coupled nonlinear differential equations. The RT 
model has also been applied to the study of heavy fermions, 
where the dynamics are associated with a gap resulting 
from the hybridization of the conduction electrons with the 
localized f-levels [15].  

The results of the RT model are as follows [2, 16]: 
From the amplitude A(T), one obtains the density of ther-
mally excited QPs nT via the relation  

1( ) ( ) 1 ,Tn T T -
 -  (1) 

where  (T) is the normalized amplitude, ( )T =  
( )/ ( 0).A T A T Æ  Then, from the QP density [13]  

( ) ( ) exp ( ( )/ ) ,Tn T T T T T -# #  (2) 

one obtains #0, the zero-temperature gap. Moreover, for a 
constant pump intensity, the T-dependence of nT also gov-
erns the T-dependence of $ –1, given by  

1 1 4( ) [ ( 1) 2 ] ( ) ,T TT n n T- -= + + +$ '  ( # ) #  (3) 

where ',  , (, and ) are T-independent fitting parameters. 
The term 

4
[ ( ) ]( )T T T+# ) #  in Eq. (3) accounts for the  

T-dependence of the phonon decay rate. It arises from the 
fact that HFPs lose their energy to become LFPs via two 
processes [13] – (i) the inelastic scattering of a HFP with 

the creation of one LFP, and (ii) the decay of one HFP  
to two LFPs. These LFPs then will not be able to partici-
pate in Cooper pair breaking to create more QPs, resulting  
in a faster relaxation of the QPs in the system. The  
first process yields 

1( ) ( ),T T-
 $ #  while the second gives 

1 4( ) ( ) .T T T-
 $ #  This factor ensures that the values of #0 

obtained from fits to A(T) and $(T) are the same [17].  
 
4  Data and analysis 
4.1 Y

1–x
Ca

x
Ba

2
Cu

3
O

7–  (Y-123) Many hole-doped cu-
prate HTSCs exhibit an unusual normal state that is charac-
terized by the opening of a gap in the electronic spectrum, 
at a temperature T* above Tc. Much theoretical and ex-
perimental effort has been spent in ascertaining the origin 
of this gap, called the pseudogap [18], for the answer may 
prove crucial in the understanding of high-temperature su-
perconductivity. A fundamental issue regarding the pseu-
dogap phase is [19]: Does it compete with, is unrelated to, 
or is a precursor of, superconductivity? Related to this is 
the number of energy gaps below Tc: A single energy gap 
would imply that the pseudogap is a precursor state, while 
two gaps would suggest that the pseudogap is a competing 
or a coexisting phase [20]. 

In Ref. [6] experiments were performed on four Y-123 
single crystals with x = 0, 0.016, 0.101, and 0.132 and Tc’s 
of 93, 89.5, 83 and 75 K, respectively, grown by the self-
flux method. In this Review we will only show data from 
the x = 0.132 sample. The time evolution of #R/R is shown 
in Fig. 2(a). Above Tc, a single exponential gives a very 
good fit to the data, with a relaxation time of ~0.5 ps. Be-
low Tc, however, there are now two relaxation times, one 
with $B * 0.5 ps and the other with $A * 3 ps. In the loga-
rithmic plots shown in Fig. 2(b), this is more clearly shown 
as a break in the slope near t = 3 ps. A two-component fit 
was used to fit the data: A/ ( ) ( ) exp ( / )R R t A T tD = - $  

B( ) exp ( / ).B T t+ - $  
Figure 2(c) shows the relaxation times $A and $B as a 

function of T. Notice the divergence of $A just below Tc. In 
contrast, $B is completely T  independent. The divergence 
of $A at Tc is evidence for the opening up of a T-dependent 
gap #c(T) – by “T-dependent” gap we mean a gap that 
changes with temperature and vanishes at Tc. The simulta-
neous presence of a T-independent $B indicates the coexis-
tence of a T-independent gap #p. Using the fact that the en-
ergy of the initial pump pulse must be distributed among 
the electrons and phonons, the authors obtained expres-
sions for the T-dependence of the photoexcited amplitude 
due to both types of gaps, and from the data fit obtained 
values of #c(0) and #p. It is evident from the plot that the 
total amplitude |#R/R| can be described accurately only by 
a two-component fit and cannot be described by either 
component separately. If we associate #c to the SC gap and 
#p to the pseudogap, then data on Y-123 show the coexis-
tence of the SC and pseudogap phases below Tc, thus vali-
dating the “two-gap” scenario. It must be pointed out, how-
ever, that the authors of [6] attributed the existence of  
the two different components to the presence of spatially in 
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Figure 2 (online colour at: www.pss-rapid.com) (a) Photoin-

duced reflection #R/R of Y-123 above and below Tc as a function 

of time for x = 0.132 (Tc = 75 K). (b) Same data as in (a), but pre-

sented on a logarithmic scale. (c) The relaxation times $A 

(squares) and $B (open circles) as a function of T. The solid and 

dashed lines are fits by theoretical expressions given in Ref. [6]. 

(d) Photoinduced reflection amplitude, |#R/R|, as a function of T 

for the same sample. The fits are made using the sum of Eqs. (2) 

and (3) of Ref. [6]. The values of #c(0) and #p used in the fit are 

shown. The separate A(T) and B(T) are also shown as a dotted 

line and a dashed line, respectively (reproduced with permission 

from [6], http://link.aps.org/abstract/PRL/v82/p4918). Copyright 

1999 by the American Physical Society. 

 
homogeneous ground state. Another important pump-probe 
paper on stoichiometric YSrxBa2–xCu4O8 (Y-214) (x = 0, 0.4) 
[21] showed that the two components have different probe 
polarization dependencies, and could thus be much better 
disentangled than the case of overdoped Y-123. 
  

4.2 Tl
2
Ba

2
Ca

2
Cu

3
O

y
 (Tl-2223) In the Bardeen–

Cooper–Schrieffer (BCS) theory of superconductivity, 
which describes the mechanism of conventional supercon-
ductivity for conventional metals, electrons form Cooper 
pairs mediated by the vibrations of the crystal lattice. For 
the HTSCs, another possibility exists, namely, Cooper pai-
ring via AFM spin fluctuations [22, 23]. Indeed, a full-
fledged AFM order, out of which such AFM fluctuations 
emerge, can also compete with superconductivity as the 
dominant ground state resulting in uniform [24–26] or in-
homogeneous [27] phase coexistence. The coexistence of 
AFM ordering with superconductivity has been observed 
in single- or double-layered cuprate systems in the pres-

ence of a magnetic field via neutron scattering [25, 28], or 
in five-layered cuprate systems in zero field using nuclear 
magnetic resonance (NMR) [26, 29]. However, from these 
measurements, it is not well understood how the emer-
gence of AFM order affects the QP excitations, which de-
termine the optical and electronic properties of the material.  

The sample is a slightly underdoped single crystal of 
Tl-2223 with Tc = 115 K, grown by the self-flux method 
[30]. Tl-2223 is a tri-layered crystal, where its two outer 
CuO2 planes have a pyramidal coordination with an apical 
oxygen, while the inner plane has a square coordination 
with no apical oxygen. Figure 3 shows the time depend-
ence of the photoinduced signal of Tl-2223. At high T the 
signal is characterized by a negative #R/R transient which 
relaxes within $n ~ 0.5 ps (Fig. 3(a)) consistent with QP 
thermalization in conventional metals [12]. Below Tc, we 
observe the onset of a positive #R/R with a relaxation time 
($SC) of a few ps due to the opening of the SC gap 
(Fig. 3(a)). Surprisingly, below ~40 K, #R/R first goes po-
sitive, relaxes to zero with a lifetime $SC, then crosses zero 
and goes negative, before relaxing back to equilibrium 
over a time scale of a few hundred ps (Fig. 3(b)). We as-
cribe the short-decay positive signal to the QP relaxation 
across the SC gap following photoexcitation, and the long-
decay negative signal to a new competing order other than 
superconductivity. We attribute this competing order to the 
AFM order, with transition temperature TN. Accordingly, 
we fit the data of #R/R in different T ranges as follows: In 
the normal state (T > Tc), the data follow /R RD = 

0 exp ( / ),n nB B t+ - $  where Bn < 0; in the phase with only 
the SC order parameter (TN < T < Tc), the data follow 

0 SC SC/ exp ( / ),R R A A tD = + - $  where ASC > 0; in the coex-
istence region (T < TN), the data follow /R RD = 

0 SC SC AFM AFMexp ( / ) exp ( / ),A A t A t+ - + -$ $  where ASC > 0 
and AAFM < 0. Figure 4(a) shows the T-dependence of the 
peak amplitudes ASC(T), AAFM(T) and Bn(T). We see that 
below ~40 K, AAFM increases from zero, while ASC exhibits 
a sharp kink.  

We first consider the competing AFM component be-
low TN. In this regime we have two types of ordering – 
AFM and SC order. The formation of the AFM order 
opens an isotropic QP gap. Therefore, the bottleneck effect  
 

 

Figure 3 (online colour at: www.pss-rapid.com) Photoinduced 

transient reflection #R/R versus time delay between pump  

and probe pulses, of Tl-2223, at a series of temperatures  

through TN and Tc (reproduced with permission) from [10], 

http://link.aps.org/abstract/PRL/v99/i14/e147008). Copyright 2007 

by the American Physical Society. 
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Figure 4 (online colour at: www.pss-rapid.com) (a) T-depen-

dence of the peak amplitudes of Tl-2223. Solid circles: ASC. Open 

circles: AAFM. Solid squares: Bn. Dotted line: BCS fit to ASC in the 

T range TN < T < Tc, extrapolated to T = 0. (b) AAFM(T) and nT (T) 

of the competing order component. Solid curves are fits using the 

RT model. (c) $SC(T) and nT (T) of the SC component. Solid 

curves are fits using the RT model. The RT model fit to $SC(T) is 

only for TN < T < Tc (solid line). The dashed line is the extrapola-

tion of that fit below TN. (d) SC gap #SC(T) with and without sup-

pression, and the gap #AFM(T) due to the competing order, using 

the Ginzburg–Landau theory. Adapted from Ref. [10]. 
 

is mostly dominated by this new gap. The Ginzburg–
Landau free energy for this two-component system is, in a 
similar fashion to Ref. [31], given by  

2 2

1 SC 2

c0 N0

1 | | 1
T T

f M
T T

Ê ˆ Ê ˆ= - + -Á ˜ Á ˜Ë ¯ Ë ¯
) # )  

 4 4 2 2

1 SC 2 3 SC| | | |M M+ + + .( # ( ( #  (4) 

In this expression Tc0 and TN0 are the SC transition 
temperature of the SC phase, and the Néel temperature of 
the AFM phase, respectively, in the absence of the other 
phase, whereas the last term indicates a coupling between 
the two phases. Using this expression for the free energy 
enables us to compute the T-dependence of the SC gap 
#SC(T) and the AFM gap #AFM(T) for a given combination 
of the coefficients ) and (. Using the RT model described 
in the previous section, we obtained good fits to the data 
for the AFM order (AAFM and $AFM), using the gap values 
#AFM(T) obtained from Ginzburg–Landau theory shown in 
Fig. 4(d). The excellent fit lends strong support to our as-
sumption of the opening of a QP gap upon the develop-
ment of the competing order. The dynamics of this compet-
ing order can be explained by a relaxation bottleneck asso-
ciated with the presence of a gap in the density of states.  

Next we turn to the SC component. In the range 
TN < T < Tc, with only SC order in the system, we fit the 
data to the single-component RT model described above, 
where recombination occurs only from the SC energy gap. 
The signal amplitude is labeled 

pure

SC ( ),A T  shown in Fig. 4(a), 

with the superscript denoting the pure SC component 
without the existence of the AFM order. Using the  
RT model one obtains 

pureSC ( )Tn T  as shown in the inset  
of Fig. 4(c) (circles), where the fit to Eq. (2) yields 
#(0) = 2.14kBTc (solid line), in agreement with the typical 
d-wave value. Again, using these fitted values of 

pureSC ( ),Tn T  one fits the experimental values of 
pure

SC ( )T$  in 
the range TN < T < Tc using Eq. (3), shown in Fig. 4(c). 
Similar to the competing phase above, the relaxation dy-
namics of the pure SC phase can also be explained by the 
presence of a relaxation bottleneck due to a (SC) gap in the 
density of states.  

Notice immediately from Fig. 4(c) that below TN, the 
fitted values of 

pure

SC ( )T$  (dashed line) underestimate the 
experimental values. In the Ginzburg–Landau theory, the 
coupling between the competing and SC order parameters 
(last term of Eq. (4)) causes the SC gap to be suppressed. 
Hence the SC energy gap #SC decreases below its BCS 
value, as shown in Fig. 4(d). Since at a fixed T, $ increases 
as # decreases (and vice versa) (see Eq. (3)), we can infer 
that, below TN, the increase of the experimental relaxation 
time 

expt

SC ( )T$  over its BCS value 
pure

SC ( )T$  is due to the sup-
pression of the SC gap in this T range. It suggests, once 
again, the competing nature of this AFM order below TN.  

Our attribution of the competing phase as the AFM 
phase is justified by NMR data of Tl-2223 – in the phase 
diagram of multi-layered cuprates shown in Fig. 4 of 
Ref. [26], TN decreases with increasing doping in the (un-
derdoped) coexistent SC/AFM region. Moreover, our data 
on the two-layered cuprate Tl-2212 do not show the zero 
crossover. This is consistent with ultrafast relaxation data 
on other one- and two-layered cuprates [32–34] where the 
coexistence phase is not expected, showing that the obser-
vation of the zero crossover in Tl-2223 is intrinsic and not 
an artifact of the experimental setup. For multi-layered cu-
prates such as Tl-2223, the AFM and SC order may nucle-
ate on different planes, with each of their correlation 
lengths much larger than the interlayer distance, such that 
the two orders can penetrate into each other even at zero 
magnetic field.  

This work presents the first ultrafast optical spectros-
copy probe of the coexistence phase in a multi-layered cu-
prate superconductor where, in zero magnetic field, a new 
order competes with superconductivity, namely antiferro-
magnetism. This competing order is intrinsic to the mate-
rial, is not induced by any external applied field, opens up 
a QP gap, and is consistent with a commensurate AFM or-
der. This study once again points to the unique characteris-
tic that high-Tc superconductivity results from the competi-
tion between more than one type of order parameter. It 
provides an insight into the mechanism of strongly corre-
lated superconductivity – the quantum fluctuations around 
this competing order might be responsible for gluing the 
electrons into Cooper pairs.  

 
4.3 (Ba,K)Fe

2
As

2
 (BKFA) The recently discovered 

FeAs-based pnictides [35–38] constitute the only class of  
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Figure 5 (online colour at: www.pss-rapid.com) (a) Phase dia-

gram of BKFA, with Tc and structural phase transition tempera-

ture (Ttr) (adapted from [45]). TN coincides with Ttr until both are 

suppressed [49]. (b) #R/R versus pump–probe delay of optimally 

doped BKFA (Tc ~ 36 K). (c) Amplitude A(T) extracted from sin-

gle-exponential decay fits. Inset: Density of thermally-excited 

QPs, nT (T). Solid lines are fits to the RT model. (d) Relaxation 

time $(T). Solid line is the fit to the RT model (reproduced with 

permission from [11], http://link.aps.org/abstract/PRL/v104/i2/ 

e027003). Copyright 2007 by the American Physical Society. 
 

superconductors, besides the cuprates, with Tc exceeding 
50 K. The pnictides have a layered structure like the cu-
prates, with FeAs planes instead of CuO2 planes. Like 
many other superconductors on the border of magnetism, 
such as the organics [39], heavy-fermions [40], and cuprate 
HTSCs [41–43], the pnictides exhibit a rich phase diagram, 
with antiferromagnetism (or SDW) at low dopings [44] 
and superconductivity at intermediate dopings. Figure 5(a) 
shows the phase diagram of a particular family of pnictides 
– the double-layered (Ba,K)Fe2As2 (BKFA) family [45]. In 
the underdoped compound, SDW and SC/normal state re-
gions are mesoscopically separated [46]. Moreover, inelas-
tic neutron scattering in an optimally-doped BKFA re-
vealed the presence of a 14 meV magnetic resonance mode 
in the SC phase, localized in both energy and wavevector 
[47]. A large Fe-isotope effect was seen in BKFA, suggest-
ing the role played by magnetic fluctuations in supercon-
ductivity [48]. In all these classes of superconductors, how 
these phases interact with one another, and the role of 
magnetism, are open questions that might help understand 
superconductivity in these compounds.  

Single-crystalline BKFA samples with sizes up to 
10 mm + 5 mm + 0.5 mm were grown by high-temperature 
solution method [50]. The crystals were cleaved to reveal a 
fresh surface before data were taken. The values of Tc were 
confirmed by magnetization data using a Quantum Design 
Magnetic Property Measurement System. No hysteresis 
loops in magnetization versus field were found, ruling out 
the  presence  of  ferromagnetic  impurities.  Figure 5(b)   

 

Figure 6 (online colour at: www.pss-rapid.com) For underdoped 

BKFA (Tc ~ 28 K), (a) Aslow(T), (b) $slow(T), (c) Afast(T), and (d) 

$fast(T), extracted from #R/R. In (a), beyond T*, the slow compo-

nent disappears. The solid lines in (a) and (b) are fits using the 

RT model. Taken from Ref. [11]. 
 
shows #R/R of the almost optimally-doped sample (OPT), 
Tc ~ 36 K, as a function of T. Ignoring the coherent artifact 
near t = 0 and fitting the data to a single exponential, the 
fitted amplitude A(T) and relaxation time $(T) in the SC 
state are shown in Fig. 5(c) and  (d), respectively, together 
with the fits to A(T) and $(T) using the RT model, yielding 
#(0) = 3.0kBTc and agreeing with the value obtained from 
photoemission data [51]. The analysis shows that the QP 
relaxation dynamics in the OPT compound is well de-
scribed by the presence of a gap in the density of states at 
the Fermi level.  

We now focus on underdoped BKFA (Tc ~ 28 K) and 
demonstrate that this compound exhibits a competition be-
tween the SC and SDW orders – the SDW order appears at 
TN ~ 85 K and gets suppressed starting from T* ~ 60 K, far 
above Tc. #R/R of underdoped BKFA is qualitatively simi-
lar to the OPT data shown in Fig. 5(b). However, data from 
different T ranges require different number of decaying 
exponentials to fit them [11] – three below Tc, two between 
Tc and T*, and one between T* and TN. A three-exponential 
decay in the SC state was also seen in pump–probe data of 
Sm(O,F)FeAs single crystals [52]. The slow component 
($slow ~ 5 – 30 ps) corresponds to QP recombination across 
the SC gap, as shown by the BCS-like T dependence of 
Aslow below Tc (Fig. 6(a)) and by the peak in $slow at Tc 
(Fig. 6(b)). The identical RT analysis as for the OPT sam-
ple yields #(0) = 3.0kBTc (solid lines in Fig. 6(a), (b)). This 
shows that the opening of the SC gap in the underdoped 
sample governs the QP recombination by introducing a re-
laxation bottleneck.  

Next, the fast relaxation component ($fast , 1 ps) below 
TN ~ 85 K bears the signatures of QP relaxation across the 
SDW gap: the relaxation time $fast displays a quasi-
divergence at TN (Fig. 6(d)). The values of Tc and TN in our 
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underdoped sample are consistent with that in a muon rota-
tion study [53], and are consistent with the phase diagram 
in Fig. 5(a). Our measurements not only confirm the coex-
istence of these two order parameters (evidenced by the ex-
istence of both the fast and the slow relaxations below Tc), 
but also uncover competition between SDW and supercon-
ductivity, as evidenced by the strong suppression of the 
SDW amplitude (Afast) below Tc (Fig. 6(c)). The close 
proximity of the SC and SDW regions in underdoped 
BKFA results in coupling between the SC and SDW order 
parameters, and causes the latter to be suppressed in the SC 
state [11]. The suppression of the SDW order parameter in 
the SC state was also observed in neutron diffraction data 
of the electron-doped Fe pnictide Ba(Fe,Co)2As2 [54].  

The sensitivity of the pump–probe technique to the 
presence of SDW order is further reinforced by our study 
of QP relaxation in the parent compound BaFe2As2, with a 
simultaneous SDW and first-order structural phase transi-
tion at TN ~ 130 K [38]. Below TN, the relaxation ampli-
tude follows a BCS-like T dependence down to the lowest 
T, reflecting the behavior of the SDW order parameter. In 
the vicinity of TN, the relaxation time shows a quasi-
divergence, which is the signature of the opening of a gap 
in the density of states at the Fermi level. This, together 
with earlier work on the itinerant antiferromagnet UniGa5 
[17], shows that the pump–probe technique is sensitive to 
the SDW order. Data from this parent compound thus jus-
tify the attribution of the fast relaxation in underdoped 
BKFA below 85 K (Fig. 6(d)) to the SDW phase, and that 
the suppression of Afast below Tc (Fig. 6(c)) corresponds to 
the suppression of the SDW order parameter.  

Moreover, unlike the OPT and parent compound, we 
observe a very slow component ($slower ~ 100 ps) that  
is largely T-independent, disappears above Tc, which we at 

 

 

Figure 7 (online colour at: www.pss-rapid.com) Schematics for 

the existence of the third relaxation process in underdoped BKFA. 

(a) Normal and SDW phases (Tc < T < TN). (b) Appearance of the 

magnetic resonance mode (MRM) in the SC state (T < Tc). (c) Fi-

nite spin density of states, Ns(-), at low energies -, for Tc < T < TN. 

(d) In the SC state, the imaginary part of the spin susceptibility be-

comes renormalized, resulting in the suppression of Ns(-) at low -. 

tribute to spin-lattice relaxation. After the initial fast QP 
relaxation due to electron-phonon coupling (as manifested 
by $fast) in the SDW region, the heated phonons then relax 
by transferring their energy to the spin bath. This relaxa-
tion rate sl sl spin1/ / ,g C=$  where $sl is the spin-lattice relaxa-
tion  time,  gsl is  the  spin-lattice  coupling  strength  and 
Cspin is the spin specific heat [55]. Below Tc, the 14 meV 
magnetic resonance mode appears [47] in the SC region  
(see Fig. 7(a) and (b)). This mode penetrates into the 
neighboring SDW regions and renormalizes the imaginary 
part of the dynamical spin susceptibility Im ( ).. -  The spin 
density of states in the SDW regions is given by 

( ) (1/ ) Im ( ).sN = -- . -  In the SDW regions, above Tc, 
there is no renormalization of SDW fluctuations, hence 
Ns(-) at low energies is finite. Below Tc, the increase in 
amplitude of Im ( ). -  at the resonance energy removes 
spectral weight at lower energies, resulting in the depres-
sion of Ns(-) at low energies (see Fig. 7(c) and (d)). This 
transfer of spectral weight from lower to higher energies, 
as the sample enters the the SC state, was observed in ine-
lastic neutron scattering data [47]. Hence Cspin decreases, 
shortening $sl (= $slower) to a value that is observable by our 
technique. This scenario also explains why we do not ob-
serve $slower in the OPT sample – there are no SDW regions 
to begin with, hence no SDW fluctuations for the magnetic 
resonance mode to renormalize.  

In addition to establishing the competition between 
SDW and superconductivity, the data in Fig. 6(a)–(d) 
carry evidence of a precursor order that appears at 
T* ~ 60 K in the normal state of underdoped BKFA. In 
Fig. 6(a), Aslow exhibits a well-defined tail that survives 
well above Tc, and disappears above T*. Compare this to 
Aslow of the OPT sample (Fig. 5(c)), where no such tail ex-
ists. This suggests that a kind of precursor superconductiv-
ity has already existed between Tc and T*. A tail in the re-
laxation amplitude, attributed to the pseudogap, was also 
seen in underdoped YBa2Cu2O7–x [13]. Moreover, in addi-
tion to a quasi-divergence of $slow at Tc (Fig. 6(b)), indica-
tive of the opening up of a SC gap, $slow continues to in-
crease above Tc and peaks at T*, showing that, at T*, an-
other QP gap opens up at the Fermi level. Compare this to 
a typical superconductor, where $slow plunges to the metal-
lic value of ~0.5 ps immediately after Tc, and remains al-
most T-independent above Tc.  

Further evidence for precursor pairing at T* comes 
from the T dependence of Afast – the SDW amplitude. In 
the cuprate HTSCs, the proximity of d-wave superconduc-
tivity to antiferromagnetism is simply assumed as an ex-
perimental fact. However, from a microscopic point of 
view, d-wave superconductivity in the cuprates turns out to 
be the winner of the competition between these two orders 
[56] – this statement may also hold for the extended s/ pai-
ring that the pnictide superconductors are thought to have, 
where the gaps at the hole and electron pockets are of op-
posite signs to each other [57]. In the underdoped sample, 
if a precursor order develops at T*, the SC fluctuations as-
sociated with the precursor order will start to “win over”, 
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i.e. suppress, SDW even in the normal state. This would 
explain the suppression of Afast below T* in the underdoped 
sample (Fig. 6(c)). The rather broad peak in $slow at T* 
might indicate the presence of disorder. It implies that, 
though the precursor order develops at T*, disorder may 
cause the QP excitations to be partially gapless.  

Recent photoemission data offered evidence of precur-
sor pairing in the iron pnictide superconductors, such as in 
La(O,F)FeAs [58, 59] and Sm(O,F)FeAs [60]. The Nernst 
effect in La(O,F)FeAs also suggested the presence of a 
“precursor state” between Tc and 50 K in which magnetic 
fluctuations are strongly suppressed [61]. A recent pump–
probe study of Sm(O,F)FeAs gave evidence of a pseu-
dogap-like feature with an onset around 200 K [52]. In the 
case of BKFA, the precursor order is associated with an in-
termediate energy scale T* between magnetism and super-
conductivity. This precursor order does not compete with 
superconductivity, but competes with the SDW order. The 
precursor order that sets in at T* seems to be intimately re-
lated to superconductivity, as its signature becomes the 
signature of superconductivity below Tc. Therefore, the 
precursor order may be a precursor of the SC order, much 
like the Cooper pairing without phase coherence that pre-
cedes macroscopic superconductivity in cuprate HTSCs. 
The detailed nature of the precursor order, whether it is due 
to phase fluctuations [56] or their interplay with disorder, 
remains an open scientific question.  

 

5 Conclusions and outlook By taking examples 
from the cuprates and iron pnictides, we have shown that 
the ultrafast pump–probe technique can disentangle, via 
the time domain, the photoinduced QP dynamics of SDW, 
superconducting, and pseudogap phases, thus allowing us 
to elucidate possible interactions among these phases. The 
next steps would be to take THz-TDS and OPTP data on 
single-crystal or thin-film versions of these samples,  
to extract the complex optical conductivity ( )t, = 0 %  

1 2( ) ( ),t i t, + ,0 % 0 %  where % lies in the THz range, and t is 
the time after photoexcitation for OPTP. From it, we can 
see how the QPs (related to 01) and the SC condensate (re-
lated to 02) are affected by the presence of other long-
range orders in close proximity.  
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