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Raman scattering is a versatile and powerful technique and has been widely used in modern scientific research and
vast industrial applications. It is one of the fundamental experimental techniques in condensed matter physics, since it can
sensitively probe the basic elementary excitations in solids like electron, phonon, magnon, etc. The application of extreme
conditions (low temperature, high magnetic field, high pressure, etc.) to Raman scattering, will push its capability up to
an unprecedented level, because this enables us to look into new quantum phases driven by extreme conditions, trace the
evolution of the excitations and their coupling, and hence uncover the underlying physics. This review contains two topics.
In the first part, we will introduce the Raman facility under extreme conditions, belonging to the optical spectroscopy
station of Synergetic Extreme Condition User Facilities (SECUF), with emphasis on the system design and the capability
the facility can provide. Then in the second part we will focus on the applications of Raman scattering under extreme
conditions to a variety of condensed matter systems such as superconductors, correlated electron systems, charge density
waves (CDW) materials, etc. Finally, as a rapidly developing technique, time-resolved Raman scattering will be highlighted
here.

Keywords: Raman scattering technique, extreme conditions, correlated electron systems, time-resolved Ra-

man scattering
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1. Introduction

Raman scattering is an inelastic light scattering process,
i.e., one photon in one photon out. The differences in mo-
mentum and energy between incident and scattered photons
are transferred to sample and excite quasiparticles in solids. It
is basically analogical to inelastic neutron scattering. In fact,
both processes share the similar phenomenological descrip-
tion. The Raman effect was discovered in 1928 by Raman. It
is a quite tiny and subtle light scattering effect, and is usually
over five orders of magnitude smaller than elastic scattering in
intensity. In the early stage of Raman scattering history, it is
hard to observe the effect due to the lack of high-gain detec-
tors, particularly high-intensity light sources. The invention of
laser in 1960s thoroughly changes the situation. The signif-
icant progresses in detectors (charge-coupled devices), holo-
graphic gratings, and other optical/electronic aspects, even-
tually push this technique to become a popular experimen-
tal tool in modern scientific research and industrial applica-
tions. Besides the conventional one, many technical branches
such as resonant Raman scattering, tip-enhanced Raman scat-
tering, surface-enhanced Raman scattering, time-resolved Ra-
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man scattering, etc., have been extensively developed in the
last few decades. All these branches contribute to form a large
Raman scattering family nowadays.

In most of the extensive applications, Raman scattering is
employed as a fast, convenient, and non-destructive sample-
characterization tool, just like x-ray diffraction. On the other
hand, Raman scattering plays a vital role in the fundamen-
tal research, particularly in the vast field of condensed matter
physics. Unlike many other techniques, Raman can probe var-
ious excitations from different degrees of freedom, as incident
light is an optical-frequency electromagnetic radiation which
easily interacts with substance. Basically, the so-called ex-
treme conditions such as low temperature, high pressure, high
magnetic field, ultrafast process, etc., can drive condensed
matter into new quantum phases in which the novel excita-
tions may be found and the exciting new physics may be estab-
lished. Thus, Raman technique combined with extreme con-
ditions is expected to tell us new knowledge of novel states of
matter and bring us into a colorful physics world.

The review contains five sections and is organized as fol-

lows. We give a short introduction to Raman scattering in the
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first section. In Section 2, we will introduce the Raman facility
under extreme conditions of SECUF in detail. And the appli-
cations of Raman scattering under extreme conditions to many
real systems will be discussed in Section 3. In Section 4, we
will single out time-resolved Raman scattering, a unique and
fast-developing Raman branch, to take a glance at its inter-
esting applications when combined with extreme conditions.
And finally, we will give a brief summary.

2. Raman facility of SECUF

As a long-term national strategy aiming at the frontiers
in condensed matter physics and material science, SECUF
involves various top experimental techniques under extreme
conditions. Raman facility is one of the key facilities of the
optical spectroscopy station.

There are several guiding principles for designing such a
Raman system. First, the system needs to highlight the fea-
ture of extreme conditions. It means that the system works
not only in a single extreme condition. In some cases, we
need to make Raman measurements under multiple extreme
conditions combined together. For instance, usually we can
collect Raman spectra at different temperatures and make a
careful analysis on temperature dependence of one or more
modes. On the other hand, it is also possible that the novel
phases or excitations we are interested in, may be hidden be-
hind more extreme conditions, not only low temperatures. In
these cases, we have to simultaneously employ multi-extreme
conditions like low temperatures, high magnetic fields, high
pressure, etc., to probe unusual excitations. The simultane-
ous application of multi-extreme conditions will perhaps be
a big challenge for Raman measurements, since Raman sig-
nal in this case may be dramatically reduced. This requires a
careful and thorough optimization for the optical components
along laser beam path. Second, the rapid development in op-
tics and electronics is changing and shaping the future of Ra-
man technique. Some of the important progresses in recent
years should be reflected in the system. These include volume
Bragg gratings, high-sensitivity detectors, broadband white
laser sources, time-resolved measurement technique, etc. The
system should also preserve the interfaces for future exten-
sions, like tip/surface enhanced Raman scattering. Finally, this
is a facility for the users worldwide, not just a laboratory setup
for one or two professional groups. The efficiency, ease of
use, maintainability, and extendibility of the system are real
concerns and should be taken into account.

The sketch drawing of the Raman facility is shown in
Fig. 1. The whole system can be roughly divided into three
subsystems, i.e., light source subsystem, continuous-wave
(CW) Raman system, and time-resolved Raman subsystem.
The light source subsystem includes single-frequency DPSS
lasers with different output wavelengths, broadband white

laser source, and ultrafast laser. It is an exchangeable and flex-
ible design and the two Raman subsystems can share the light
sources through switch-optics or optical fiber.

There are some reasons for employing double Raman
subsystems for the facility. One important reason is to guaran-
tee the facility efficiency. Time-resolved Raman measurement
is a very time-consuming work. Integration of multiple ex-
treme conditions makes it much harder. If there is only one
spectrometer, which could be occupied by time-resolved mea-
surements for a long period, the requests for continuous-wave
Raman measurements will be seriously blocked. As men-
tioned above, the two subsystems can share the light sources.
They are complementary in this sense.

According to the frequently-used light sources, the two
Raman subsystems are defined as continuous-wave and time-
resolved subsystems, respectively. We will have detailed de-
scriptions for them in the following.
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Fig. 1. (color online) Schematic diagram of SECUF Raman facility.
The light sources include solid state lasers with different wavelengths,
broadband white light source, and ultrafast laser. A single-grating spec-
trometer and a triple-grating spectrometer are adopted. The sample en-
vironments are achieved using anti-vibration close-cycled magnet and
cryostat.

2.1. Continuous-wave Raman subsystem

With this subsystem, one can make conventional Raman
measurements under low temperature (4 K), magnetic field
(9 T), and high pressure (20 GPa). The vertical backscatter-
ing configuration is adopted to fit the magnet and cryostat.

Light source. Single-frequency solid state lasers are em-
ployed for the subsystem. The wavelengths sparsely cover the
visible range from red to blue. This enables to check the pho-
toluminescence effect and do some resonance Raman studies.
In some particular cases, Raman signal strongly depends on
the wavelength of incident light and the optional wavelengths
will be very helpful in such cases. The incident laser beam
passes through a pair of Bragg gratings which can filter out
the unwanted lines generated in the optical cavity and guaran-
tee a clean laser line with a narrow linewidth.

Spectrometer.
Yvon HR800) is used in the subsystem. The spectral reso-

Single-grating monochromator (Jobin
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lution is ~ 1.2 cm™!

at 633 nm. Compared to the double-
or triple-grating one, it provides a good balance between effi-
ciency and performance. The application of the suite of vol-
ume Bragg grating can push the measurable lowest wavenum-
bers down to 5-10 cm~!. The spectrometer is equipped with
a liquid-nitrogen-cooled and back-illuminated CCD.

Magnet and cryostat. Sample environments or extreme
conditions are provided by a close-cycled magnet and cryo-
stat system which integrates low temperatures down to 4 K
and magnetic fields up to 9 T. The system takes an anti-
vibration design to avoid the vibration generated by the re-
frigerator. A customized optical insert is used to couple the
incident light/the scattered light in/out of the cryostat. The
customized objective lens is made of non-magnetic and low-
thermal-expansion materials since it is placed inside the cryo-
stat and the magnet. The application of high pressure together
with low temperatures and high magnetic fields is a real chal-
lenge. Both the magnet bore diameter and the working dis-
tance of the objective lens strongly limit the size of the dia-
mond anvil cell. It means that for the magnet and cryostat, we
need to customize a pressure cell as small as possible.

Precise positioning and rotating stages. For a micro-
scopic Raman measurement, an XY Z-stage with a resolution
of ~ um is very helpful to select an optimal focus spot and
compensate the drift of the focus spot when varying tempera-
tures. A precise sample positioning mechanism, which is also
made of non-magnetic and low-thermal-expansion materials
for the same reason as mentioned above, is applied in the cryo-
stat and magnet. The sample positioner is an XY Z-stage driven
by piezoelectric actuators (attoCube). Symmetry analysis is
one of the unique and powerful functions of Raman scatter-
ing. For this purpose, a piezo-driven rotator mounted on the
positioner will allow us to conveniently make rotation mea-
surements under extreme conditions. It would be particularly
useful for studying structural phase transitions or symmetry
breaking.

2.2. Time-resolved Raman subsystem

Time-resolved Raman scattering is an emerging and
rapidly developing branch of Raman scattering. It presents us
an alternative degree of freedom beyond temperature and mag-
netic field to look into Raman process. It can tell us the impor-
tant information on the non-equilibrium dynamics of electrons
or other excitations involved in Raman process. We can ex-
pect that the time-resolved technique under low temperatures
and high magnetic fields will open a fascinating and unique
window for exploring novel quantum phases.

There are different scenarios to realize time-resolved Ra-
man scattering. A direct way is to excite the sample with a
fast laser and collect Raman spectra with a high-speed gated
detector synchronized with the excitation pulse. However, it is
limited by available high-speed detectors and their sensitivity.

Here we employ the standard pump-probe technique (Fig. 2).
A key question for this technique is to get rid of the Raman
signal excited by the pump. Surely one can separately produce
the probe pulse, by using a CW laser with a mechanical high-
speed chopper or a Q-switch laser. However, this will reach
the time-scale ceiling in the ultrafast region (~nanosecond).

4K
: ':f:ttch 14T
liter 20 GPa
I- chTriple-graﬁng __-|:|-___H____
spectrometer
2 Polarizer
E Iris Glan E
Pump: / optical delay E
E Probe _ Glan E
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Pump ' PR

backup: Glan Iris
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Fig. 2. (color online) Schematic diagram of time-resolved Raman scat-
tering. Pump—probe technique is used here. Probe pulse is generated
within an optical parameter oscillation (OPO) box and modulated by
optical delay setup to realize the time delay from pump pulse. The idler
light emitted out of OPO can be taken as a backup for pump sources.

In our case, the original intense pulse coming out of the
ultrafast laser (~ 100 fs) is spilt into two beams by a 90/10
beam splitter. One beam is taken as the pump and the other as
the probe after frequency-doubled in an OPO box. The large
difference in frequency between the pump and probe allow us
to clearly distinguish the Raman signal excited by the pump
from the one by the probe. The orthogonal polarization con-
figuration for the pump and the probe can further reduce the
influence from the pump. The idler light emitted out of the
OPO can be taken as a backup of pump sources, which effec-
tively extends the frequency range of pump light. The opti-
cal delay setup consists of two motorized stages and two mir-
rors mounted on them. The programmable stages allow to be
driven in a micrometer scale and hence can realize a precise
time delay between the pump and probe (better than 50 fs).

Besides the ultrafast laser, the subsystem is also equipped
with a broadband white light source developed very recently.
It is particularly helpful for resonance studies. Therefore, we
use the triple-grating spectrometer here (T64000), whose sub-
tractive mode ideally matches the white light source.

Extreme conditions applied to this subsystem are quite
similar to the ones for the CW Raman subsystem. Both sys-
tems have the similar optical inserts which is composed of
many non-magnetic and low-thermal-expansion components
like objective lens, precise XY Z stages and rotator. The maxi-
mum magnetic field here is 14 T rather than 9 T. It should be
pointed out that high pressure up to 20 GPa is designed just to
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be applied to CW measurements using white light source. At
present it is not clear if high pressure cell can work well with
time-resolved measurements, since the Raman signal may be
extremely weak in this case.

2.3. Available measurement modes for Raman facility of
SECUF

Now we can have a summary for the Raman facility.
The extreme conditions applied to the facility include low

temperature (4 K), high magnetic field (14 T), high pres-
sure (20 GPa), and high time resolution (< 50 fs). In prin-
ciples, one can combine one or more of these conditions
to realize multi-dimensional Raman measurements and re-
veal novel condensed matter phases and excitations. Ac-
cording to the incident light source, the available Raman
measurement modes can be divided into conventional CW
Raman/photoluminescence mode, resonance mode and time-
resolved mode. We put all these modes in the following table.

Table 1. Available measurement modes of SECUF Raman facility.

Extreme conditions simultaneously available

Measurement modes

Temperature/K Magnetic fields/T Pressure/GPa Time resolution/ps
Conventional 4 9/14 20(LT)/100(RT) -
Raman/photoluminescence
Resonance 4 9/14 20(LT)/100(RT) -
Raman/photoluminescence
Time-resolved 4 9/14 - <50

Raman/photoluminescence

3. Applications of Raman scattering under ex-
treme conditions

Raman scattering has been proved to be an excellent
method of characterizing the vibrational, electronic, and mag-
netic subsystems by probing the corresponding elementary
excitations,["? like phonon, magnon, electron, etc. The
unique feature of this technique is that it can tell us symme-
try, energy, and lifetime information about these excitations.
When used in conjunction with pressure and magnetic field,
Raman scattering can further provide pressure- and magnetic-
These
are proven valuable for understanding underlying physics and

field-dependent information about these excitations.
developing multiple applications. In the following we will
present the applications of Raman scattering under high pres-
sure and high magnetic field to a variety of condensed matter
systems.

3.1. Pressure-induced phase transformations in Bromine
and Iodine

Under compression most solids eventually undergo one
or more structural phase transformations. The scope extends
from drastic changes in volume, symmetry, and electronic
properties to subtle shifts of lattice parameters. Raman scatter-
ing can catch the symmetry of a high-pressure phase through
the assignment of new features and/or excitations. Thus, it has
been widely applied to probe structural properties of solids
under high pressures and to identify pressure-induced phase
transitions. 381 A good example is to resolve pressure-induced
successive structural changes in bromine (iodine).!”! Bromine
shows a structural phase transformation from the molecular
phase I to the intermediate phase V near 80 GPa (20 GPa for
Iodine), and then to the monatomic phase II around 118 GPa

(31 GPa for lodine), as illustrated in Fig. 3(a).

Figures 3(b) and 3(c) show Raman spectra obtained for
iodine and bromine up to 30 and 108 GPa, respectively. In
the low-pressure region (< 20 GPa for iodine and < 80 GPa
for bromine), the spectra have five distinct bands, originating

)

from two librational modes (Al‘(;L , Bg?), two stretching modes

(Aés), Bgsg)), and an unassigned X band. With increasing pres-
sure Raman spectra drastically change and a new band grows
up at 23 GPa for iodine (80 GPa for bromine). This new band
originates neither from monatomic phase II nor from molecu-
lar phase I, because phase II has no Raman active band, and
phase I has not shown any band in this low-frequency region.
On the other hand, for the incommensurate intermediate phase
V, there are two types of characteristic vibrational modes,®!
i.e., the amplitude mode (AMP, Fig. 3(a)) and the phase mode,
and only the AMP mode is Raman active. Thus the new mode
can be assigned to the AMP mode of phase V. This indicates
a structural phase transformation from the molecular phase I
to the intermediate phase V near 80 GPa for bromine (near
20 GPa for iodine).

The pressure dependence of the observed bands for iodine
and bromine are shown in Figs. 4(a) and 4(b), respectively.
The AMP modes show a softening behavior with increasing
pressure and decreases to zero frequency at a critical pressure
P.. To estimate P, one can take a phenomenological function
o = (0} —aP)'/? to fit the pressure dependence of the AMP
mode frequencies. The fitting gives a P. of 31 GPa for iodine
(118 GPa for bromine). The zero frequency of AMP modes
suggests another structural phase transformation from the in-
termediate phase V to the monatomic phase II near 118 GPa
for bromine (near 31 GPa for iodine).
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Fig. 3. (color online) (a) Crystal structures of three different phases. The open circles correspond to the parent structure without modulation (phase II).

In phase I, there are two Raman active stretching (Af(;s), B§S>) and librational (Aé

L), Bg?) modes, while in phase V, only the amplitude (AMP) mode is

Raman active. Raman spectra obtained for solid iodine up to 30 GPa (b) and for solid bromine up to 108 GPa (c), respectively. Open and closed circles
correspond to X bands in phase I and new bands in phase V, respectively. Reprinted with permission from Ref. [7], copyright 2005 by the American

Physical Society.

A more detailed discussion about the pressure-induced
phase transformations in Bromine and Iodine is beyond the
scope of this review, but the above results clearly demonstrate
that Raman scattering is powerful to probe structural proper-
ties of solids under high pressures and to identify pressure-
induced phase transitions.

(@) lodine , o (b) Bromine
A - 7 J400
200 F - Eadl
7 -7
:..""""
150 7z oo B 7 Js00 2
S é ] - g
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Fig. 4. Pressure dependence of vibrational frequencies of (a) solid io-
dine and (b) solid bromine, respectively. The dashed curves are the
fitting results with a phenomenological function of w = (wg — aP)'/ 2,
A critical pressure P at @ = 0 was obtained (31 and 118 GPa for iodine
and bromine, respectively). Reprinted with permission from Ref. [7],
copyright 2005 by the American Physical Society.

3.2. Pressure-tuned electronic transition in

Bi; 9351206 Y0.68Cu203 5

In addition to the structural phase transition, pressure
can also drastically alter the properties of the electronic sub-
system and induce an electronic transition. This can be ob-

served by electronic Raman scattering via light scattering from
electronic fluctuations at Fermi surface. A nice demonstra-
tion is seen in Bi1_9gSr2.06Y0,63Cuz08+5,[9] a slightly doped
(6 ~ 0.03) and insulating parent compound of cuprates. Ra-
man scattering studies reveal a pressure-tuned electronic phase
transition at ~ 21 GPa.

Figure 5(a) shows Raman spectra of Bij.ogSrs 06Y0.68
Cu,0g, 5 at several pressures. The peaks at ~ 340, ~ 490, and
~ 620 cm~! come from the out-of-phase vibrations of in-plane
oxygen (B, “bond-buckling” mode), the oxygen vibration in
the Bi—O block layer, and the vibration of apical oxygen.!'?]
The oxygen vibration in the block layers remains nearly con-
stant with pressure, while By and the apical oxygen modes
shift by over ~ 100 cm ™.

In general, Raman cross section is related to optical con-
ductivity in the following way: x”(Q) < Q0'(£2), and thus
a change in optical conductivity causes a change of low-
frequency linear background of Raman cross section. Fig-
ure 5(b) shows a linear fit of electronic background, which
exhibits a sharp step at ~ 21 GPa. Consistent with this change
in the electronic background, electron—phonon coupling pa-
rameter A (Fig. 5(c)) also shows a rapid increase at ~ 21 GPa.
Furthermore, the ratio of integrated spectral weight of two-
magnon peak (inset of Fig. 5(d)) has a similar behavior at
~ 21 GPa. The results indicate that an electronic phase transi-

tion in Bij 9851206 Y0.65Cu20g, 5 occurs at ~ 21 GPa.
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cm™!. (c) Pressure dependence of electron—phonon coupling parameter
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Ref. [9], copyright 2008 by the American Physical Society.

Pressure (GPa)

Pressure (GPa)

above 1000 cm ™! for each pressure. Reprinted with permission from

Pressure (GPa)

0 2 46 10 15 20 25 30 0 2 46 10 15 20 25 30
(2)s000 (b) () 0 246 10 15 20 2530
4 10 20 30 10.33 420 0 4 10 20 30 720 0 4 10 20 30
8 J~(1/dcu-0) 600 3 o A
by ‘X‘x N A._,;x
45001 2 A
A 550 4007, 70015 \ ‘f
= 1 = 3
3 00 & § .
S 4000{ 5 aso] © =6801 o
<8 o S
< 450 20 <
3 3500 3 360 3 660
400
A 300K, COMP at 300K 640
30001 340 B 300K, DECOMP at 300K
350 X 20K, DECOMP at 20K
3 # ~20K, COMP/DECOMP at 300K 620] ae
25001 2 > ~20K, COMP at 20K
' 320 A
3.3 3.4 3.5 36 3.7x10 33 34 , 3.5 36  3.7x10 3.3 3.4 35 36 3.7x102
-1 -1 - - B
A ¢l A ¢ A

Fig. 6. (color online) Two-magnon peak positions (a), Bjz phonon frequencies (b), and apical phonon frequencies (c), at low (20 K) and high
(300 K) temperatures versus the c-axis lattice density and pressure. The inset of panel (a) shows the derivative of fitting curve (dotted curve).
Insets of panels (b) and (c) show the same derivative for phonons. Solid lines in panels (b) and (c) are guides to the eye, following the slope
under low pressures. Reprinted with permission from Ref. [9], copyright 2008 by the American Physical Society.

On the other hand, two-magnon peak positions deviate
from the power behavior (1/dcy—o)* at ~ 21 GPa (Fig. 6(a)),
which has been observed in many other Mott—Hubbard insula-
tors, such as KoNiF4.['!l The derivative of two-magnon peak
positions has a minimum at ~ 21 GPa (inset of Fig. 6(a)),
which is consistent with the maximum of the Griineisen pa-
rameter at ~ 21 GPa (inset of Figs. 6(b) and 6(c)). These
anomalous behaviors further support the electronic phase tran-
sition in Bi1.938r2,06Yo‘68Cu208+5 at ~ 21 GPa.

The above example clearly demonstrates that electronic
Raman scattering under high pressure is a sensitive probe for
pressure-induced electronic phase transition.

3.3. Pressure-induced melting of charge density waves
(CDW) in 1T-TiSe;

In Bij.98Sr2.06 Y0.68Cu20g, 5, electronic phase transition
is evidenced by electronic Raman signals. In fact, electronic

information can also be obtained through its coupling to the
lattice, i.e., phonons, particularly for the systems involving a
strong electron—lattice coupling. Numerous studies have been
conducted in this aspect.[13101 A good example is 1T-TiSe,,
which is a semimetal or small-gap semiconductor in the nor-
mal state and eventually develops into a commensurate CDW
(inset of Fig. 7(a)) below a second-order phase transition near
Tepw ~ 200 K113

Figure 7(a) shows that the transition to CDW state in 1T-
TiSe; results in several new modes, like Eg mode at ~ 75 cm™!

and Aj; mode at ~ 115 cm L.

The two modes soften dra-
matically as the temperature increases toward CDW transition
temperature, indicating that the two modes are CDW-related
“amplitude” modes, denoted as E;-CDW and A,-CDW, re-
spectively. A1,-CDW mode reflects the fluctuations of CDW
amplitude that preserves the symmetry of CDW ground state,

while E;-CDW mode involves out-of-phase fluctuations of
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CDW amplitude away from the ground-state symmetry. By
tracking the pressure dependence of the mode energies, life-
times, and intensities of the two phonons, one can get insight
into the CDW state.

Figures 7(b)-7(d) show pressure-dependent Raman spec-
tra of TiSe, at 3.5 K. The intensities of E,-CDW and Ajg-
CDW disappear above a critical pressure P* ~ 25 kbar. The

intensities of the modes serve as an order parameter of the
CDW state, since CDW mode reflects fluctuations of the CDW
state. The absence of the modes above P* suggests that the
CDW phase in 1T-TiSe; collapses above 25 kbar. A detailed
pressure study of the energies and intensities of the two modes

reveals more regimes about the CDW state.
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Fig. 7. (color online) (a) Temperature-dependent Raman spectra of TiSe,. The inset shows the displacement pattern associated with the CDW distortion,
for Ti atoms (solid circles), Se atoms above Ti layer (open circles), and Se atoms below Ti layer (shaded circles). Pressure dependence of Raman spectra
at T = 3.5 K for E; CDW mode (b), Aj; CDW and E; optical phonon modes (c), and Aj, optical phonon mode (d). The inset of panel (d) shows
the pressure dependence of Ajg (red circles) and Ajg-CDW (blue squares) phonon linewidths (FWHM). Pressure dependence of peak energies (circles)
and normalized intensities, /(P)/I(P = 0) (squares) at T = 3.5 K for Ay, (e), Eg (f), A1z-CDW (g), and Eg-CDW (h) modes. The hatched lines denote
rough boundaries between crystalline CDW, soft CDW, and disordered CDW regimes. Reprinted with permission from Ref. [13], copyright 2003 by the

American Physical Society.

(i) Crystalline CDW regime. From P = 0 to 5 kbar, the
intensity of A;,-CDW slightly decreases, but its energy in-
creases linearly with increasing pressure. This is similar to
that of 203 cm™! and 134 cm~! modes (Figs. 7(e) and 7(f)),
indicating that the CDW state remains commensurate with the
lattice in this regime.

(ii) Soft CDW regime. From P =5 to 25 kbar, A1,-CDW
mode exhibits a softening with a rapid decrease in intensity
and linewidth (inset of Fig. 7(d)). The behaviors are substan-
tially different from that of 203 cm™' and 134 cm™! phonon
modes (Figs. 7(e) and 7(f)), suggesting that the charge density
wave becomes incommensurate in this pressure regime.

(iii) Disordered CDW regime. Above 25 kbar, both Eg-
CDW and A,-CDW modes are completely suppressed, which
means that the CDW state has melted into a metallic or semi-
metallic phase.

A detailed discussion on the pressure-induced phases of
1T-TiSe; is beyond the scope of this review. Anyway, the re-
sults shown here demonstrate that the Raman scattering high
pressure is a powerful tool to study electronic phase transition
through electron—phonon coupling.

3.4. Field-induced structural phase transition in Mn3;O4

The application of magnetic field to Raman scattering
allows us to study a lot of magnetic systems, particularly

spin-lattice coupling systems. Magnetic-field-dependent Ra-
man scattering has been widely used to study structural phase

17 Raman

transitions.!!’-231 Here a nice example is Mn3Oy.
scattering under magnetic fields offers field-dependent struc-
tural phase diagrams, and many microscopic details of field-
dependent phase changes.

Mn3O4 has a spinel structure, Mn2+Mn§+O4, which
consists of two basic structural blocks, Mn”Oﬁ_ tetrahe-
dra and Mn3+0é* octahedra (Fig. 8(a)). Below T, = 43 K,
Mn spins are ferrimagnetically ordered with Mn3* spins an-
tiparallel to [110] direction of tetrahedrally coordinated Mn?t
spins.ml Below 7> = 33 K, Mn304 has a commensurate spin
structure, in which the net Mn spins are oriented along the
[110] direction and the magnetic unit cell is doubled.!*! Fig-
ure 8(b) shows temperature dependence of ~ 295 cm™! Tog
mode which is a triply degenerate mode associated with Mn—
O bond-stretching vibrations of the ions at tetrahedral sites.
From these spectra, one can find that T2; mode splits into
two modes near 290 cm~! and 300 cm~!. The splitting is
consistent with a tetragonal-to-monoclinic distortion below
T, = 33 K, which removes the degeneracy of T, mode. The
distortion expands Mn?>*—0?~ bond length along the easy-axis
[110] direction and decreases the energy for Mn—O vibrations

in the [110] direction while it simultaneously contracts Mn?t—
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O’ bond length along the easy-axis [1-10] direction and in-
creases the energy for Mn—O vibrations along the direction.
The high Raman intensity of the ~ 300 cm~' mode suggests
that the contracted Mn?>T—O?~ bonds are oriented in the direc-

tion of incident light polarization [1-10]. It can be expected

that if the ~ 290 cm~! mode has a higher intensity, the ex-
panded Mn?*—-0?~ bond will be oriented along the [1-10] di-
rection.

.

I (& "8 ')
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p W ﬁ\
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“¢* tetrahedral site
: . octahedral site

Fig. 8. (color online) (a) Crystal structure of Mn3Oy in the low-field
monoclinic phase (top), intermediate undistorted tetragonal phase (mid-
dle), and high-field monoclinic phases (bottom). (b) Temperature de-
pendence of Tog Mn-O stretch mode, showing a mode splitting due
to the removal of mode degeneracy from tetragonal II to monoclinic I
transition. The inset shows an expanded view from 10 to 300 K. (c)
Magnetic field dependence of To; mode at 7 = 7 K, showing the field-
induced phase changes for H || [1-10]. Reprinted with permission from
Ref. [17], copyright 2010 by the American Physical Society.

Figure 8 shows the field-dependent Raman spectra of
Mn3O4 at 7 =7 K and H || [1-10]. The ~ 300 cm~! mode
has a higher intensity below H = 1 T, while between 1 T and
4 T, the ~ 295 cm™! T>; mode appears with a high intensity.
Above H = 4 T, the ~ 290 cm~! mode has a higher intensity.
The results indicate that with increasing magnetic fields along
[1-10] direction, Mn3 04 undergoes a structural phase transfor-
mation from the monoclinic (structure I) to tetragonal phase
(structure I) at ~ 1 T, and then to the monoclinic phase (struc-
ture III) at ~ 4 T. The major difference between structure I and
structure I1T is that the structure I has an expanded Mn?>+-0%~
bond length along the [110] direction, while in structure III the
expanded Mn?>*—0?~ bond length is along the [1-10] direction
(Fig. 8(a)). Such a difference reflects structural response to the
competition between the internal field and applied transverse
field, which tend to align the Mn moments along the [110] and

[1-10] directions, respectively.

3.5. Field dependence of electronic Raman scattering in
overdoped Tl,Ba,;Cu, O, 5

Electronic Raman scattering in metals results from
electron—hole or multi-quasi-particle excitations around Fermi
surface and may offer us charge and spin dynamics in differ-
ent regions of Brillouin zone. For strongly correlated sys-
tems, incoherent quasiparticle scattering can usually lead to
finite Raman intensity over a broad frequency range.?>>”1 For
the superconducting cuprates a flat continuum extending to at
least 2 eV has been observed. On the other hand, the opening
of a superconducting gap, A(k), will result in the so-called
2A/pair-breaking peak!?®! in electronic Raman response due
to the renormalization of the electronic continuum in the su-
perconducting state. Thus, (i) the position of the 2A peak
is proportional to a weighted average of the superconducting
gap value; (ii) the peak intensity is proportional to the density
of the superconducting condensate. When applying magnetic
fields, Raman scattering can show us the field dependence of
the 2A peak and get insight into the microscopic mechanism

[29-311 Here we will see a nice demonstra-

29]

of superconductivity.
tion in overdoped TlBayCu, 04, 5.!

Figure 9(a) shows field-dependent Raman spectra of
TlhBa;Cuy0¢,5 at T =5 K. The pair-breaking peak is
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Fig. 9. (a) Magnetic field dependence of electronic Raman scattering
response in the superconducting state of overdoped Tl;Ba;CuyOg 5.
Magpnetic field clearly suppresses pair-breaking peak. (b) Field and tem-
perature dependence of pair-breaking peak intensity. Inset: temperature
dependence of upper critical field, H, (T'), obtained from Raman spec-
tra. Reprinted with permission from Ref. [29], copyright 1997 by the
American Physical Society.
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substantially suppressed by magnetic fields, and gives a non-
linear field dependence (Fig. 9(b)). Blumberg et al.l*’! at-
tributed this behavior to a renormalization of density of
states of quasiparticles near vortex cores. Through the field-
dependent 2A-peak intensity at different temperature, one
can obtain the effective critical field H}, and its tempera-
ture dependence HJ,(T') (inset of Fig. 9(b)). The temper-
ature dependence is similar to that in the conventional su-
perconductors, but in contrast to the anomalous tempera-
ture dependence of H},(T') extracted from magnetoresistance

measurements. 32-33]

3.6. Field-driven interaction between electronic excita-
tions and phonons in Co[N(CN);],

Generally, external magnetic fields have two main effects
that can be detected by Raman scattering. One is single spin
effect, Zeeman splitting**3%! and the other one is energy band
effect, the formation of Landau levels.?’3°1 Magnetic fields
can continuously tune excitation energies and thus offer us an

opportunity to manipulate multiple interactions. In the follow-
ing we take Raman studies of Co[N(CN),], under magnetic
fields**! as a good example.
10(a) displays
Co[N(CN),], in the low-frequency range.

Figure magneto-Raman spectra of
The peaks near
147 and 158 cm™! observed at zero field, originate from the
wagging motions of Co-NgxC(2) and Co-Ney(2). A new feature
appears at ~ 142 cm™! at 15 T, and it grows with increasing
magnetic fields by transferring intensities from the 147 and
158 cm~! phonon modes. Its peak has a strong field depen-
dence (Fig. 10(b)), pointing to either an electronic or magnetic
origin. However, the position seems insensitive to Curie tem-
perature (~ 9 K) (Fig. 10(c)). This excludes the scenarios
involving magnons. The authors®*! assigned the feature as
the Co”* crystal-field excitation from the ground state Ig level
to the higher lying doublets of T} ¢ term. The term moves with
field as Zeeman effect comes into play (inset of Fig. 10(b)).

Thus the following physical picture was proposed.
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Fig. 10. (color online) (a) Magneto-Raman spectra of Co[N(CN),], at 7 = 5.5 K under magnetic fields up to 34 T. The strong field-dependent feature,
assigned as a Co>* electronic excitation, is marked with an asterisk. (b) Raman shift versus applied fields, showing the hybridized electronic and phonon
excitations in Co[N(CN),],. The red curves are fitting results using the theory of Ref. [36]. The inset shows a schematic energy level diagram for Co?t
electronic states. The red (solid) arrow shows a plausible candidate for the 114 +5 cm ™! excitation in Raman spectra. (c) Temperature dependence
of magneto-Raman spectra at 18.6 0.1 T. Black (dashed) lines are peak fits tracking the behavior of Co?" electronic excitations, which displays no
sensitivity to Curie temperature ~ 9 K. Reprinted with permission from Ref. [34], copyright 2013 by the American Physical Society.

At 0 T, the intensity of the crystal-field excitation is too
low to be observed, and there are only two phonons located
at 147 and 158 cm~!. The excitation energy continuously in-
creases with increasing magnetic fields due to Zeeman split-
ting. When the excitation energy is close to 147 cm ™! phonon
frequency, it will strongly interacts with the phonon mode and
becomes observable by transferring intensity from the phonon
mode. With further increasing magnetic fields, the electronic
excitation moves close to and interacts with the second phonon
mode, and repeats a similar behavior as the first one. In this
process, the energies of the three modes can be well described
by the crystal-field-phonon coupling theory (Fig. 10(b)). 31 At
larger field, the energy of the electronic excitation is even big-
ger than that of the second phonon and becomes unobservable.

3.7. Pressure and field dependence of magnon scattering
in Ca3 Rll207
In addition to the structural and electronic phase tran-
sition, Raman scattering is also an excellent technique for

[40-44] including one- and two-

studying magnetic excitations,
magnon excitations. As a combined application of low temper-
atures, magnetic fields, and pressure to light scattering studies

(45461 5 bilayered,

of magnons, here we consider CazRu,07,
Ruddlesden-Popper-phase compound that exhibits a magnetic
transition from a paramagnetic to an A-type antiferromag-
netic state below Ty = 56 K, and a structural transition below
Tp ~ 48 K.

As shown in Fig. 11(a), below Ty = 56 K, a sharp peak

appears near 56 cm~! in Raman spectra of CazRu;O7. The
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mode can be assigned as magnon scattering for the follow-
ing reasons: (i) the magnon mode energy increases with de-
creasing temperature below Ty (Fig. 11(b)), reflecting the in-
crease in (S;) of Ru** spin with decreasing temperature; (ii)
the magnon mode linewidth increases dramatically with in-
creasing temperature below 7y, as observed in numerous dif-

(48491 (iii) the peak is observed only

ferent antiferromagnets;
in the crossed scattering geometry (z(x,y)Z), consistent with
theoretical expectations that magnon scattering involves off-
diagonal terms in Raman tensors; (iv) the peak shows a clear
Zeeman splitting when applied magnetic field H || ab plane
(Fig. 12(b)).

Figure 11(c) shows the evolution of the magnon with
pressure at 3.5 K and the pressure dependence of its frequency
and linewidth is summarized in Fig. 11(d). Below P =46 kbar,
magnon frequency decreases with increasing pressure. This
behavior is remarkably different from that observed in many
Mott systems, in which magnon energy increases with increas-

[50-52] The difference reflects a slight decrease in

ing pressure.
the zero-field magnon energy. The magnon mode disappears
above P = 46 kbar, suggesting the collapse of the antiferro-
magnetic state in CazRu,07.

More interestingly, Raman spectra of the magnon mode
has an anisotropic magnetic field dependence, as shown in
Fig. 12. The magnon mode energy is field-independent for
H || ¢ axis. However, for H || ab plane, the magnon mode
shows a splitting and the splitting energy changes with mag-
netic field direction in ab plane (Figs. 12(c) and 12(d)). The

splitting reaches its maximum for H || [110], suggesting that

Ru spins are oriented at [110] direction (inset of Fig. 12(c)).
The magnon modes collapse into a single mode at H. =5.9 T,
suggesting a metamagnetic transition from A-type antiferro-
magnetic to ferromagnetic alignment.

(a) { :-, 21
15K i
30K ’ ® e Ca,Ru,0,
42K 097} O Ca,RuO,
48K ®
0.96 .
0 &0
. . . J
5 55 6 :

Im % (@) (arb. units)
wo(T)/uxo(O)

4 5

Energy Shift (cm™)

T=3.5K

®, (cm)
b
L}
& &
I (cm™)

Intensity (arb. units)

(©)
r
r
12kbar 521 /.,—‘
27kbar
NOVANS: - i oo
501 »
WWG@

50 55 60 65 70 0 20 40 60
Energy Shift (cm™) Pressure (kbar)

Fig. 11. (color online) (a) Temperature dependence of magnon scatter-
ing in CazRu,07 (Ty = 56 K). (b) Normalized frequency, 0, (7")/,(0)
(squares), and linewidth, I" (circles), as a function of normalized tem-
perature, T /Ty. (c) Pressure dependence of magnon mode in CazRu; O
at T = 3.5 K. (d) Magnon mode frequency (@,) and linewidth (I") ver-
sus pressure, and evidence for a pressure-induced phase change above
46 kbar where no magnon scattering is observed. Reprinted with per-
mission from Refs. [45] and [46], copyright 2006 by the American
Physical Society.
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the American Physical Society.
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4. Time-resolved Raman spectroscopy

4.1. Ultrafast photo-induced structure phase transition in
antimony

The interplay between different excitations in condensed
matter, like phonons, magnons, electron—hole excitations, etc.,
plays a crucial role in determining their physical properties.
Optically induced excitations typically leads to the creation of
excited electron—hole pairs, which relax to a thermal equilib-
rium state in a fast time scale. For a modest level of opti-
cally induced excitations, the process of electron—hole excita-
tion and subsequent relaxation can be considered as a near-
equilibrium phenomenon and the structural and electronic
properties of materials do not change much. However, op-
tically induced phase transitions may occur if the density of
optically induced excitations is high enough. Here we will

[53

discuss an example, A7 semimetal antimony, 1 which under-

goes a structural phase transition when the pump excitation

(2)

N o

E:

Peierls distortion

density exceeds 5 mJ/cm?.

Most elemental metals crystallize into a cubic or hexago-
nal closed structure. Crystalline Sb may be described as a dis-
torted simple cubic structure (Fig. 13(a)). The unusual struc-
ture stems from strong electron—phonon coupling in antimony.
In one dimension, this type of distortion is the well-known
Peierls distortion. As shown in Fig. 13(a), the distortion will
open a gap at Fermi level and reduce the energy of electronic
subsystem. The energy cost due to the structural distortion is
compensated by the electronic energy gain and results in a net
energy gain. Therefore, it is expected that a sufficiently high
occupation of conduction band, realized by photo-excitation,
will lead to a recovery of the undistorted cubic structure. The
idea can be well examined by time-resolved Raman experi-
ment, where the pump light is used to stimulate valence-band
electrons and the structural information is detected through the
probe light.
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Fig. 13. (color online) (a) Structure of A7 semimetals and photo-induced reversed Peierls transition. Photo-excitation reduces the population
of valence bands, hence reducing the electronic energy gain of Peierls distortion, and driving the system toward the undistorted phase. (b) Ay
phonon frequency in Sb measured at 15 ps after photo-excitation. The agreement between the model and the data indicates that electronic heat
diffusion plays a minor role in the relaxation processes. (c) The symmetry reduction due to the photo-induced phase transition leads to the
emergence of an additional phonon mode on the low-energy side of A; mode for excitation densities larger than 5 mJ/cm?. Reprinted with
permission from Ref. [53], copyright 2009 by the American Physical Society.

The difference between A7 and “cubic” structures is that
(111) plane of A7 structure has an alternating displacement
along the [111] direction. This corresponds to Raman active
A1g phonon mode (Fig. 13(a)), whose frequency is linearly
proportional to the applied optical pump excitation density
(Fig. 13(b)). The behavior is consistent with the calculated
temperature dependence of this phonon frequency.>*! More
interestingly, a second mode is observed under the excitation
density of pump laser exceeding 5 mJ/cm? (L2, Fig. 13(c)).
The new mode reflects an optically induced structural phase

transition. Surprisingly, the induced phase is not the expected

simple cubic structure since there is no optical phonon in this
structure, but rather a phase with symmetry lower than A7
structure. The observations suggest that the photo-induced
phase might be understood in terms of an additional E, dis-
tortion.

4.2. Quasiparticle dynamics in high-temperature super-
conductors Bi;Sr;CaCu;0g , 5

One of the most intriguing open problems in condensed
matter is the origin of high-temperature superconductivity.

So far, the superconducting phase has been widely studied
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at thermal equilibrium through numerous techniques. How-
ever, few experiments have been performed to investigate their
non-equilibrium properties. The development of Ti:Sapphire
pulsed laser makes it possible. It was proposed that time-
resolved Raman spectroscopy can be employed to probe the
non-equilibrium properties of high-temperature superconduc-
tors (HTSCs).5>71 The non-equilibrium properties in the su-
perconducting phase has been first reported by Saichu ez al. >3
They studied the superconducting order parameter in slightly
over-doped Bi;Sr,CaCu,Og, §(Bi-2212, T, = 82 K) and found
two different coupling mechanisms that contribute equally to
the pair-breaking peak.

Figure 14(a) displays Bose-factor-corrected steady state
spectra between 100 and 600 cm™! in the normal and super-
conducting state of Bi-2212. In the normal state one can see
a flat background, while in the superconducting state a pair-
breaking peak develops at ~ 420 cm™! ~ 52 meV, which is
the so-called 2A peak. Figure 14(b) displays three differential
—1°(®)) at 10 K as a function
of delay time between pump and probe pulses. The contour

Raman spectra (i.e., 1'% (o)

plot of differential spectra are shown in Fig. 14(c). The high-
energy wing of pair-breaking peak (above the dashed line in

Fig. 14(c)) shows a fast decrease (2 ps), while the low-energy
spectral weight (100-200 cm™!) increases at roughly 3 ps,
reflecting a spectral weight transfer from the pair-breaking
peak to the sub-gap region upon photo-excitation. However,
a closer observation leads one to conclude that the relaxation
of the non-equilibrium state occurs in a nontrivial way and can
be divided into two stages.

(1) The high-energy part of pair-breaking peak (~ 420—
600 cm™!, above the dashed line in Fig. 14(c)), shows a fast
(2 ps) decrease followed by a slow relaxation (7.4 ps). Saichu
et al. suggested that this decay may be related to hole—phonon
coupling via in-plane breathing mode.

(ii) At the same time, the low-energy part of pair-breaking
peak (~ 220-420 cm~! in Fig. 14(c)) starts to decay at 5 ps af-
ter photo-excitation, followed by a fast relaxation (1.4 ps). The
authors argued that this behavior might be understood by a
second coupling mechanism arising from hole—spin coupling.

The work by Saichu et al.l>! have demonstrated that
time-resolved Raman spectroscopy is an effective tool to probe
the non-equilibrium electronic properties of HTSCs and shed
light on the origin of superconductivity.
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Fig. 14. (color online) (a) Steady-state Raman spectra of BiSr;CaCu;Og, 5 in B geometry (in Porto notation z(xy)z, where z is perpendicular to
the CuO planes) at 10 and 300 K. A gap opens below 250 cm ™! (blue area) and a pair-breaking peak appears around 420 cm™! (red area). (b), (c)
Temporal evolution of time-resolved differential Raman spectra at 10 K in By geometry. Three differential spectra at three delay times are shown
in panel (b), while a contour plot consisting of 12 differential Raman spectra is presented in panel (c). The dashed line separates pair-breaking peak
into two energy regions that have distinct characteristic behaviors. The change in intensity is colored. There is a transfer of spectral weight from
high to low energies after 1 ps. Reprinted with permission from Ref. [55], copyright 2009 by the American Physical Society.

5. Summary

In this review, we have presented a brief introduction to
Raman scattering, followed by a detailed description of the
Raman facility belonging to the SECUF, including the system
design and the capability the facility can provide. We have
demonstrated that Raman scattering under extreme conditions
(e.g., low temperature, high magnetic field, and high pressure),
can effectively detect many elementary excitations including
electron, phonon, magnon, etc., in a variety of correlated elec-
tron systems. The present review offers a glimpse of SECUF
Raman facility and its possible applications. We hope that this
may stimulate increased and multidisciplinary collaborations

based on the facility in the future.
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