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BaFe,As, is the parent compound for a family of iron-based high-temperature superconductors as well as
a prototypical example of the spin density wave (SDW) system. In this study, we perform an optical pump-
probe study of this compound to systematically investigate the SDW order across the pressure-temperature phase
diagram. The suppression of the SDW order by pressure manifests itself through the increase of relaxation time
together with the decrease of the pump-probe signal and the pump energy necessary for complete vaporization of
the SDW condensate. We have found that the pressure-driven suppression of the SDW order at low temperature
occurs gradually, in contrast to the thermally induced SDW transition. Our results suggest that the pressure-driven
quantum phase transition in BaFe,As, (and probably other iron pnictides) is continuous and it is caused by the
gradual worsening of the Fermi-surface nesting conditions.
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I. INTRODUCTION

Iron pnictide high-7; superconductors have become one
of the most intensively studied material systems since their
discovery in 2008 [1]. In contrast to superconducting cuprates,
they demonstrate a high sensitivity to applied stress, for in-
stance, to hydrostatic pressure. The magnetic spin density
wave (SDW) order in a parental compound for these ma-
terials can be suppressed not only by chemical doping but
also by pressure [2]. Moreover, since parental iron pnic-
tides are metallic even in the absence of doping, they can
undergo pressure-induced SDW-to-superconductor quantum
phase transition (QPT) at low temperatures [3,4]. Explor-
ing the mechanism of this transition, the competition and
coexistence of the magnetic order and the superconducting
condensate are crucial for the understanding of high-T. su-
perconductivity in iron pnictides.

For the present study we have chosen BaFe,As; as a prime
example of a well-known parental iron pnictide compound,
in which the electronic state can be controlled by exter-
nal pressure. At ambient pressure the onset of the magnetic
SDW order occurs simultaneously with the structural tran-
sition from the tetragonal to orthorhombic phase at Tspw =
137 K [5]. Chemical doping or an external pressure appli-
cation causes a decrease of the transition temperature Tspw
[6]. The p-T phase diagram of BaFe,As; depicted in Fig. 1 is
qualitatively similar to that of chemically doped compounds:
at low temperatures the system is in the SDW state that is
gradually suppressed by increasing the doping level or pres-
sure until superconductivity (SC) sets in [7]. Upon applying
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high pressures, the structural properties of BaFe,As, change
the same way as in the chemically doped materials [2]. The
structural changes are correlated with the reduction of the
Fermi-surface nesting between the inner hole and electron
pockets, which results in SDW state suppression above a pres-
sure of ~3 GPa (depending on the experimental conditions)
[2,3,8]. This suppression results in quantum critical behavior
[9], indicating that the pressure- or doping-driven SDW phase
transition should be second order, in contrast to the first-order
temperature-induced SDW transition [10].

Measuring the pressure dependence of the SDW or super-
conducting energy gaps poses a significant challenge because
it has to be performed on a sample inside a diamond anvil
cell (DAC). This precludes the use of angle-resolved photoe-
mission spectroscopy (ARPES), which requires direct access
to the sample’s surface in vacuum. Tunneling spectroscopy
under high pressures was demonstrated for conventional su-
perconductors [12]. However, it has not been applied to
high-T, iron-based superconductors yet. Nevertheless, a re-
cent tunneling spectroscopy study demonstrated a strong
impact of the local surface strain on the superconducting gap
in LiFeAs [13]. Up to now, the SDW and the superconduct-
ing energy gaps in BaFe;As; under high pressure have been
determined using infrared spectroscopy [14]. Reference [14]
revealed the coexistence of the SDW and SC orders at 3.6 GPa
since the spectral weight of the SDW gap excitation is not sig-
nificantly affected by the emergence of the superconductivity.

In addition to infrared spectroscopy, which probes the
linear optical response of a material, nonlinear pump-probe
spectroscopy provides another way to estimate the en-
ergy gaps in high-7. superconductors via the analysis of
quasiparticle relaxation dynamics [15]. The main advantage
of pump-probe spectroscopy is its high sensitivity to the
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FIG. 1. Schematic pressure-temperature phase diagram of
BaFe,As;, mostly according to [3]. The black dashed line denotes
the structural phase transition that splits out of the SDW transition
with doping [6] or pressure [11]. Dashed red and blue lines illustrate
p = const and 7 = const measurement trajectories corresponding to
measurements shown in Figs. 2 and 5, respectively.

evolution of electronic order in close vicinity to phase tran-
sitions. Numerous pump-probe spectroscopy studies of iron
pnictides have demonstrated that the suppression of the
SDW or SC order around the transition temperatures is
accompanied by a critical slowing down of the relaxation
dynamics for the given electronic order [16-18]. Near-
infrared-pump-midinfrared-probe spectroscopy of parental
BaFe,As, showed that the coherent lattice oscillation that
modulates the Fe-As-Fe bonding angle can periodically in-
duce transient SDW ordering, even at temperatures above
Tspw [19].

Here we report a study of the SDW order in BaFe;As;
across the p-T phase diagram. Our results demonstrate a
critical slowing down of the SDW relaxation time caused
by the suppression of SDW order by temperature or pres-
sure. However, in contrast to the abrupt change across the
temperature-driven first-order transition, the increase in the
relaxation time caused by pressure at 8 K is gradual, indicating
the second-order character of the quantum phase transition.

II. EXPERIMENTAL RESULTS

A. Sample preparation and experimental setup

The studied BaFe, As, monocrystals were grown by a self-
flux high-temperature solution growth technique [5,20]. The
sample, 100 x 85um? in size and about 30 um thick, was
initially cleaved from the BaFe,As, monocrystal, so that it
could fit into the sample chamber of the DAC. The com-
mercial closed-cycle cryostat system with integrated DAC
(Diacell CCS-DAC from Almax easyLab) enabled us to per-
form in situ control of pressure and temperature independently
due to the gas membrane-driven DAC system. A Ti:sapphire
amplifier system operating at a repetition rate of 250 kHz
generated the 60 fs long laser pulses utilized in the experi-
ment. The pump and the probe beams (both with a wavelength
of 800 nm) were focused onto the sample inside the DAC,
and the reflected probe signal was collected using a con-
focal microscopy scheme. A ruby chip was placed inside
the sample chamber, next to the sample, and used for exter-
nal pressure calibration [21]. We chose Csl powder as the

1.5
\ (b)
gmo- \\ 1
= 05] X
]

0.0 ——————
0 25 50 75100
Temperature [K]

o 2 4 6 8
delay time [ps]

FIG. 2. (a) Relative differential reflectivity transients and their
monoexponential fits, recorded at p = 1.4 GPa for several temper-
atures and fixed pump fluence of 75uJ/cm?. (b) Amplitude of the
exponential decay process as a function of temperature. The substan-

tial drop in amplitude above 100 K, reveals the phase transition from
the SDW to the metallic state.

pressure-transmitting medium in order to ensure direct contact
between the sample and the diamond anvil.

B. Temperature dependence at fixed pressure

Figure 2(a) shows a set of photoinduced differential re-
flectivity AR(¢)/R measurements, obtained at a pump fluence
of F =75uJ/cm? and fixed pressure of 1.4 GPa. Together
these measurement points correspond to the vertical path in
the p-T diagram, marked by the dashed red line in Fig. 1. At
lower temperatures BaFe,As; is in the SDW phase, and the
photoinduced reflectivity change AR/R reaches its negative
maximum quickly after the photoexcitation at the zero delay
time. Then, the signal decays within a few picoseconds to
a nearly constant level corresponding to a thermalized hot
state. We assign this monoexponential, fast-decaying part of
the signal to the relaxation of the SDW phase. Its amplitude
|A| is proportional to the concentration of photoexcited quasi-
particles: |A| o< npe [22-24]. With increasing temperature A
decreases substantially, and near 100 K the relaxation process
slows down. Finally, the pump-probe response at 7 = 106 K
(red line) does not contain the SDW relaxation signature any-
more and demonstrates only a small signal with opposite sign
with a much faster decay. We assign it to the hot-electron
cooling process typical for metals.

Figure 2(b) shows the temperature dependence of the ex-
ponential decay amplitude. Its strong drop around 100 K is
related to the SDW phase transition to the nonmagnetic metal-
lic phase. Naturally, this transition temperature determined for
a pressure of 1.4 GPa is lower than Tgpw = 137 K at atmo-
spheric pressure. Simultaneously, we observe indications of
the critical slowing down of the relaxation dynamics that was
previously reported for SmFeAsO [18], SrFe,As, [17], and
BaFe,As, [16,25]. However, it was not possible to reliably
quantify this effect since close to Tspw, where the slowdown
is expected, the signal amplitude becomes very small and the
fitting uncertainty is too large.

At temperatures well below Tgpw the relaxation time
T ~ 1.6 ps remains nearly constant. This behavior con-
tradicts the bimolecular recombination model: dnpe/dt =

—2Rnynp. — Rnﬁe, where R is the bimolecular recombination
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FIG. 3. p-T diagram obtained from the amplitudes of the SDW
transients A. At the phase transitions to metallic or superconducting
states the amplitude goes to zero (blue). The individual measurement

points are represented by asterisks. The color map is obtained by
linear interpolation and subsequent smoothing.

coefficient and ny and np. are the densities of thermally and
photoexcited quasiparticles, respectively. Here the first term,
Rnrnye, corresponds to the recombination of a photoexcited
quasiparticle with a thermally populated one, and the second
term, Rnge, represents the recombination of the two photoex-
cited quasiparticles [26]. At low temperatures the bimolecular
model predicts that the initial recombination rate 7! should
increase with ny, which strongly depends on temperature.
Similar to our observations, studies on SmFeAsO [18] and
SrFe,As, [17] also reported t that does not increase with
decreasing temperatures. This was interpreted as a hint of an
additional relaxation channel besides the bimolecular recom-
bination at the SDW gap, namely, an interband scattering of
quasiparticles to other, ungapped electronic bands [17]. Such
scattering should be temperature independent, and it should
result in an additional, dominating monomolecular recombi-
nation term, —npe /7, in the rate equation.

C. Suppression of the SDW relaxation by pressure
and temperature

The data from all temperature-dependent measurements at
fixed pressures from 0.5 to 4.4 GPa (vertical scans of the
p-T diagram) are combined in a p-T diagram, depicted in
Fig. 3. The color represents the amplitude of the normalized
monoexponential signal |A|: from yellow for 1 to blue for O.
Therefore, the metallic phase corresponds to the blue region
of the diagram, and the density of the SDW condensate is
displayed by the brightness of the yellow color. As expected
from Fig. 1, the temperature at which the amplitude vanishes,
i.e., the SDW transition temperature Tspw(p), decreases with
pressure, and at high pressures the SDW state gets completely
suppressed. From the 4.4 GPa measurements we could not
identify SDW AR(#)/R transients anymore, so we assigned
zeros to the amplitude of those points.

As shown in Figs. 2(b) and 3, with increasing temperature
the amplitudes smoothly and monotonically approach zero
at the corresponding Tspw(p) for each pressure, which was
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FIG. 4. (a) Reflectivity changes AR(t)/R measured at 1.9 GPa
and 8 K for selected pump fluences. The fluence values are given
in microjoules per square centimeter. (b) Fluence dependence of the
SDW reflectivity transient amplitudes |A| for several pressures. F is
the part of the pump fluence F which penetrates into the sample, after
the reflection from its surface. Lines are the fits with the model of the
threshold fluence for condensate vaporization from [28].

also reported in Ref. [16]. This is in contrast to two other
studies on iron pnictides [17,18], in which the temperature
dependence of A(T') exhibits a small increase relatively close
to Tspw before starting to drop rapidly: a characteristic feature
of the bottleneck model [27]. However, the pump fluences
used in the present study are much larger than in the other
three reports, making the direct comparison harder.

D. Relaxation dynamics and its fluence dependence at 8 K

Now let us examine the suppression of the SDW order by
pressure in the ground state, i.e., the path of the quantum
phase transition as it is depicted in Fig. 1. In order to gain
more reliable information about the SDW phase we measured
the pump-probe response for various pump fluences at each
pressure in the range from 0.8 to 3 GPa. Figure 4(a) presents
a set of measurements taken at different pump fluences at
a pressure of 1.9 GPa and temperature of 8 K. Starting at
7uJ/cm?, the amplitude A grows linearly with pump flu-
ence F, roughly up to 30 uJ/cm?, after which it completely
saturates. This happens because the proportionality between
the number of photoexcited quasiparticles and the number
of pump photons n,. o« F, which is valid in the low-fluence
regime, breaks down when the pump fluence becomes high
enough for a noticeable depletion of the SDW condensate.
Finally, at a certain threshold vaporization fluence Fr the
SDW condensate is completely suppressed, and consequen-
tially, no more quasiparticles can be excited. As a result, npe
and the pump-probe signal A get saturated.
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FIG. 5. (a) Pressure dependence of the threshold vaporization
fluence Fy (black squares) and saturation amplitudes (blue circles).
The value of Fr can be considered the measure of SDW condensation
energy. (b) Pressure dependence of the relaxation time 7(p) at fixed
temperature 7 = 8 K and fluence of 30 uJ/cm?.

The saturation curves measured at a few chosen pressures
are shown in Fig. 4(b). Here Fy = (1 — R)F is the part of
the pump fluence F' which penetrates the sample after the
reflection from its surface. R = 0.2 is the reflectivity of
BaFe,;As; (at 800 nm) with respect to the diamond, which
is almost independent of pressure and temperature [14].
Although the curves look qualitatively similar, the saturation
fluence Fr and the saturation amplitude Ay, decrease with
pressure. We extracted both parameters from the fits based on
the model introduced in Ref. [28], which takes into account
the lateral Gaussian and exponential depth profiles of the
pump and probe beams. The fitting curves are represented by
lines in Fig. 4(b). The obtained values of Fr(p) and Ag(p)
for all measured pressures are presented in Fig. 5(a) with
black squares and blue circles, respectively.

Besides the suppression of the pump-probe signal and the
decrease of the saturation fluence, the applied pressure also
affects the relaxation time 7. Figure 5(b) shows its pressure
dependence 7(p) for a fixed T =8 K and F = 30 wJ/cm?.
Similar to the temperature-dependent measurements [16,25],
the increasing t signals the vicinity of the phase transition.
As the system approaches the transition pressure, the gap
Aspw(p) gets smaller, and consequently, the SDW recovery
time slows down. It is known that near the transition point the
relaxation time is inversely proportional to the gap T oc A™!
[15,29,30]. Thus, all these observations indicate the gradual
suppression of the SDW state by the external pressure, leading
to the quantum phase transition in BaFe,As;. Since at 4.4 GPa
we do not observe any SDW relaxation signature (see the
Supplemental Material [31]), the pressure of the QPT should
be between 3 and 4.4 GPa.

III. DISCUSSION

Like in the case of the superconducting condensate in
cuprates [28] it is useful to compare the energy deposited at
the saturation fluence with the thermodynamical condensation

energy that can be obtained from the specific heat measure-
ments [32]. For the lowest pressure measurement at p =
0.8 GPa the threshold fluence is Fr = 29 wJ/cm? [Fig. 5(a)].
In order to estimate the absorbed energy density we set the op-
tical penetration depth of BaFe,As; at 1.55 eV (800 nm) to be
Aop = 36nm. This value is calculated using the reported real
parts of dielectric constant &; &~ 1 and optical conductivity
o1 = 1500 Q' cm™! taken from Ref. [33]. Strictly speaking,
the mentioned values of ¢; and o; were measured on the
optimally doped compound, but since the reflectivity R is the
same at 1.55 eV for the doped and parent compounds [34],
we assume that it also holds for ¢; and o and, consequently,
Aop- Therefore, the absorbed energy density at the vaporiza-
tion threshold is Fr/Aq, = 81 /em>. On the other hand, the
thermodynamic SDW condensation energy is estimated to be
E./V =1.6]/cm? using the specific heat C(T') data for the
parent BaFe,As, (p = 0GPa) [32]. Thus, the pump energy
necessary for the vaporization of the SDW condensate is
about 5 times larger than the condensation energy density of
BaFe;As,. A similar result was reported for La,_,Sr,CuQOy4
cuprate superconductors and was interpreted as evidence that
a large portion of the pump energy goes to the phonon sub-
system and does not affect the electronic condensate [28].
Therefore, the saturation amplitude Agy that is related to the
full depletion of the SDW condensate appears to be a more
reliable parameter for estimating the SDW gap energy.

According to the Ginzburg-Landau theory, the order pa-
rameter scales as |A|> & Reond X Asat (eond 1S the condensate
density) and |A| o« 1/t when T — Tspw. Figure 6(a) shows
the normalized /A(T) dependence at 1.4GPa and F =
75w /em? (blue squares). Based on the results in Fig. 5(a),
this fluence value corresponds to the saturation regime, and
thus, we expect that | Agpw| V/A. For comparison, Fig. 6(a)
also shows the normalized SDW gap Aspw(7') (gray trian-
gles), extracted from the ARPES measurements [35]. Since, in
contrast to the ARPES study, the depicted pump-probe results
were recorded under high pressure (p = 1.4 GPa), the corre-
sponding SDW transition temperatures are different: for our
data Tspw ~ 100 K, and for the ARPES study Tspw = 138 K.
In order to compare both data sets, the horizontal axis in
Fig. 6(a) is normalized to Tspw. They match quite well,
demonstrating that the relation |Agpw| o +/Agy is fulfilled
for a broad range of temperatures below the SDW transition.
Some deviation is observed far from the phase transition (T' <
0.3 Tspw) where the Ginzburg-Landau theory is no longer
fully applicable.

Now we apply the same method to evaluate the SDW gap
as a function of pressure. Figure 6(b) shows the pressure
dependence of Agpw at T = 8 K estimated as v/Agy (p) using
the saturation amplitude values from Fig. 5(a). In addition, the
evaluated relaxation time t(p) for F = 30uJ/ cm? [Fig. 5(b)]
is reliable enough to use for another estimation of the SDW
gap as Agpw « 1/7(p), which is depicted in Fig. 6(b) as dark
yellow circles. In general, all data in Fig. 6(b) indicate the
trend of a gradual decrease of Agpw by about 50% with the
pressure increase up to 3 GPa. This corresponds to p/pspw
>0.7, taking into account that pspw < 4.4 GPa according to
our results. If we compare Figs. 6(a) and 6(b), it is appar-
ent that the phase transition achieved by increasing pressure
happens much more gradually compared to the first-order
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FIG. 6. (a) Temperature dependence of +/A(T) (blue squares)
from the measurements at 1.4 GPa and F = 75 uJ/cm?, compared
with the BaFe,As, SDW gap Aspw(T') (gray triangles), extracted
from the ARPES study at p = 0 GPa [35]. (b) The evolution of the
SDW gap with pressure at T = 10K estimated as /A and 1/7.
The highest pressure point shows the absence of the SDW order
at 4.4 GPa. The dashed line schematically depicts the evolution of
Aspw(T') across the QPT.

thermally driven phase transition. Possibly, this indicates
the second-order character of the pressure-induced QPT in
BaFe,As, that we schematically depict by the dashed line
in Fig. 6(b). This conclusion agrees with the observation
of quantum fluctuations near the quantum critical point in
isovalently doped BaFe,(As,P;_,), [9]. Microscopically, the
gradual character of the pressure-induced changes can be
understood as being the result of a gradual failure of the
Fermi-surface nesting that causes the suppression of the SDW
order [2].

Finally, we discuss the possible pressure-induced super-
conducting phase. Our data demonstrate that for pressures
well above 3 GPa the SDW order is fully suppressed, and
according to the phase diagram (Fig. 1), we expect the onset
of the superconductivity. In order to verify that, we measure
pump-probe traces AR(¢)/R at 8 K and 4.4 GPa (see the Sup-
plemental Material). All pump-probe traces taken at various
pump fluences show the same relaxation dynamics, which is
much faster than in the SDW state. The absence of fluence-
dependent relaxation dynamics and saturation behavior leads
us to the conclusion that the fast dynamics observed at 4.4 GPa
does not come from the superconducting or SDW state, but
rather from the cooling of the hot electrons in the metallic
phase.

IV. CONCLUSION

We performed a systematic temperature- and pressure-
dependent pump-probe study in order to investigate the
evolution of the SDW order in BaFe,As,. Measuring the
amplitude of the relaxation process enabled us to construct
the p-T phase diagram that depicts the variation of the SDW
order across the whole range of the applied pressures and
temperatures. A comparison of the saturation fluence with
the thermodynamic condensation energy of the SDW state
showed that the absorbed pump energy required for the
suppression of the magnetic order largely exceeds the conden-
sation energy, indicating that a large portion of the absorbed
pump energy is transferred to the phonon bath. Using the
parameters of the SDW relaxation process, we have estimated
the variation of the SDW gap as a function of temperature
and pressure. Our results demonstrate an apparent difference
in the character of the thermally induced phase transition and
the pressure-driven quantum phase transition. The former is
first order and occurs rather abruptly near Tspw, Whereas the
latter occurs gradually and the SDW gap starts to decrease for
pressures well below the critical pressure pspw. This behav-
ior suggests a second-order character of the quantum phase
transition in BaFe;As;, in agreement with previous studies of
quantum fluctuations in this material [9].
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