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Layered lanthanum silver antimonide LaAgSb; exhibits both charge density wave (CDW) order and Dirac-cone-like
band structure at ambient pressure. Here, we systematically investigate the pressure evolution of structural and electronic
properties of LaAgSb; single crystal. We show that the CDW order is destabilized under compression, as evidenced
by the gradual suppression of magnetoresistance. At Pc ~22 GPa, synchrotron x-ray diffraction and Raman scattering
measurements reveal a structural modification at room-temperature. Meanwhile, the sign change of the Hall coefficient is
observed at 5 K. Our results demonstrate the tunability of CDW order in the pressurized LaAgSb, single crystal, which can
be helpful for its potential applications in the next-generation devices.

Keywords: high pressure, charge density wave, crystal structure, electrical transport
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1. Introduction

Rare-earth silver antimonides RAgSb, (R = La-Nd, Sm,
Gd-Tm) have attracted intense interests due to their peculiar

[1-11] such as anisotropic magnetism,>>!

physical properties,
Dirac-cone-like band structure,!®”! and charge density wave
(CDW) order.> "'l Among these antimonides, LaAgSb, has
been paid special attention to because it hosts both CDW and
Dirac fermions.!”?! LaAgSb, crystallizes in a simple tetrago-
nal ZrCuSi-type structure (P4 /nmm, No. 129), with La atoms
intercalating between Sb and AgSb layers.[*® As tempera-
ture decreases, LaAgSb, experiences two CDW transitions at
~ 209 K and ~ 185 K, respectively.!!? The former transition
corresponds to a periodic charge/lattice modulation along the a
axis, while the latter one relates to a weaker modulation along
the ¢ axis.’) Accompanying with the CDW transitions, strik-
ing anomalies have been observed in electrical transport, mag-
netic susceptibility, thermoelectric power, and infrared spec-
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troscopy measurements. 813!

More recently, angle-resolved photoemission spec-
troscopy investigation and first-principle calculations consis-
tently revealed that LaAgSb, possesses linear energy bands
and a Dirac-cone-like structure near the Fermi level.[”! In par-
ticular, the segments of the Fermi surface pocket that is asso-
ciated with the Dirac-cone-like structure are well nested with
a small wave vector, documenting a close relationship of the
Dirac cone to the CDW ordering.!”! Moreover, LaAgSb, ex-
hibits a large linear magnetoresistance (MR) due to the exis-
tence of linear band dispersion, which disappears just above
the CDW transition temperature of 207 K and provides addi-
tional evidence of the correlation between the Dirac cone and
CDW ordering.!%7! These unique properties make LaAgSb, a
promising material for applications in CDW-based electronic
devices.

Applying external pressure and chemical substitution are
two effective ways to tune the CDW order.!!'>!1:14] Based on
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earlier studies, elements doping in both La and Ag sites disfa-
vors the CDW in LaAgSb,, which was partially attributed to
the disorder generated by element substitution.!'%!!] In con-
trast, without inducing additional impurities, applying external
pressure provides a clean way for the modulation of the CDW.
Previous electrical resistance measurements unveiled that the
CDW is gradually suppressed by the applied pressure.!!%-!1115]
However, the highest pressure studied in the electrical trans-
port measurements so far is limited to ~ 3.8 GPa.!'>! How the
CDW involves and whether novel phenomena can be induced
at higher pressures are not clear and deserve further investiga-
tion.

Here, using pressure as a tuning knob, we systematically
investigate the evolution of structural and electrical proper-
ties of LaAgSb, single crystals through in-situ synchrotron
x-ray diffraction (XRD), Raman spectroscopy, and electrical
transport measurements under pressures up to 41.6—49.0 GPa,
combined with first-principles calculation. With increasing
pressure, the magnetoresistance is monotonically suppressed
and completely disappears at 21.5 GPa. In addition, at Pc ~
22 GPa, the sign change of the Hall coefficient is observed at
5 K. While no evident structural phase transition is observed
via XRD, the simultaneous occurrence of ¢/a anomaly and
new Raman peak unravels a structural modification at Fc.

2. Experimental details

Single crystals of LaAgSb, were grown by Sb self-flux
method.!¥! After removing the excessive Sb by centrifuging,
plate-like crystals were obtained, as shown in the inset of
Fig. S1(b). The temperature (T)-dependent electrical resis-
tivity (px,) measurements at ambient pressure were conducted
in a physical property measurements system (PPMS, Quantum
Design Inc.).

High-pressure electrical transport measurements were
conducted in a screw-pressure-type diamond anvil cell (DAC)
made of Be—Cu alloy. The culet size of the diamond was
300 um. The T301 stainless-steel gasket was pre-indented
from thickness of 200 um to 30 um and a hole of about
280 pm was drilled in the center of the pit. Platinum foil
served as the electrical contact. Soft NaCl fine powder was
used as the pressure-transmitting medium (PTM). A piece of
cleaved single crystal with dimensions of ~ 100 x 50 x 10 um?
together with some ruby powders was loaded into the cham-
ber. px.(T) curve was measured by using standard four-probe
method. The current was introduced along the ab plane. Hall
resistivity p,, was measured at 5 K via five-probe method with
external magnetic field along the ¢ axis.

High-pressure powder x-ray diffraction experiments were
conducted at beamline 15U1, Shanghai Synchrotron Radiation
Facility (SSRF) at room temperature. Pressure was generated
by a Mao—Bell type symmetric DAC. The culet of the diamond

was 300 pm in diameter. The Re gasket was pre-indented to
thickness of 30 um and a hole of 150 pm was drilled as sam-
ple chamber. LaAgSb, powders were obtained by crushing
and grinding the as prepared LaAgSb, single crystals. Pressed
powder (~ 50 x 50 x 10 um?) together with some ruby balls
was loaded in the chamber. Daphne 7373 oil was used as the
PTM. A focused monochromatic x-ray beam with wavelength
0.6199 A was used for the angle-dispersive diffraction. The
size of the focused x-ray beam at the sample position is 3 pm
x2.5 um. Two-dimensional area detector Mar165 CCD was
used to collect the powder diffraction patterns.!'®] The detec-
tor was 185.88 mm away from the sample. The Dioptas!!”!

and Rietica programs!!8]

were employed for image integra-
tions and structure refinement, respectively.

The high-pressure Raman spectrum measurement was
performed at room temperature in a Mao—Bell type symmetric
DAC using a commercial Renishaw Raman spectroscopy mea-
surement system with a 532-nm laser excitation line. The dia-
mond culet was 300 wm in diameter. The T301 stainless-steel
gasket was pre-indented from thickness of 200 um to 30 um
and a hole of about 150 um was drilled as the sample cham-
ber. Daphne 7373 oil served as the pressure medium. Pressure
was calibrated by using the ruby fluorescence shift at room

temperature for all above experiments. [!°]

3. Results and discussion

Figure 1(a) displays the temperature-dependent resistiv-
ity p.x(T) measured at ambient pressure under O T and 14 T,
respectively. One can see that accompanying with the forma-
tion of CDW order at around 210 K, the difference of resis-
tivity Ap = pyc(H) — pxc(0 T) starts to develop and becomes
pronounced with decreasing temperature, in accordance with

1681 Due to the simultaneous occurrence of

previous reports.
CDW and Ap, the onset temperature of Ap(7T*) is equal to the
CDW transition temperature Tcpw at ambient pressure, see the
inset of Fig. 1(a). To trace the evolution of CDW under com-
pression, we measured the p.(7) at each pressure under 0 T
and 7 T, respectively. As seen from Figs. 1(b)—1(f), the Ap is
suppressed gradually with increasing pressure, meanwhile the
T* decreases monotonically. Both the suppression of Ap and
decrease of 7" are in line with the collapse of CDW order as
reported in a previous study.!'>! The Ap eventually disappears
at 21.5 GPa. Howeyver, it should be noted that the CDW or-
der was found to be suppressed completely around ~ 3 GPa
according to Ref. [15], which is much smaller than the criti-
cal pressure Pc ~ 21.5 GPa and may indicate the decoupling
of Ap and CDW order under high pressure. Meanwhile, as
shown in Fig. S3, it can be seen that the linear range of MR is
monotonically reduced upon compression and the whole curve
can be fitted by a quadratic-field relation above Pc. In addi-
tion, Py, maintains the metallic conduction behavior and no
superconductivity is observed down to 1.8 K, see Fig. 1(g).
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The resistivity at 300 K initially decreases with increasing
pressure up to 5.1 GPa and then persistently increases upon
further compression, accompanying with a sudden jump be-
tween 18.6 GPa and 21.5 GPa [Fig. 1(g)]. In general, the pres-

decrease with increasing pressure. The abnormal enhance-
ment of resistivity under high pressure could be attributed to
different factors, such as non-hydrostatic compression, struc-
tural phase transition/electronic phase transition, and struc-

sure enhances the band overlapping and the resistivity should  tural distortion.[20-24]
20
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Fig. 1. (a)—(f) Temperature dependence of resistivity under O T (black line) and external magnetic field (red line) with H parallel to ¢ axis at various
pressures. Arrow marks the transition temperature Tepw at ambient pressure and 7* under high pressure. The insets of (a)—(f) display temperature
dependence of Ap = p(H) — p(0 T). (g) Temperature-dependent electrical resistivity of LaAgSb in the pressure range of 0.7-44.0 GPa.
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Fig. 2. (a) Field-dependent Hall resistivity p,, of LaAgSb; single crys-
tal under various pressures at 5 K with H parallel to ¢ axis. (b) Pressure-
dependent Hall coefficient Ry. The Ry is determined from the initial
slope of pyy, at H — 0.

Figure 2(a) displays the magnetic field (H)-dependent
Hall resistivity p,,(H) at 5 K and various pressures. At
0.7 GPa, p,, shows a quadratic field dependence in the low-
field region while increases linearly at higher fields, consis-
tent with the result at ambient pressure.!®! The nonmonotonic
field dependence and positive slope of p,,(H) indicate that
LaAgSb, exhibits a multiband feature and the hole-type car-

riers dominate the transport behavior. Hall coefficient Ry

is extracted from the slope of p,,(H) around zero field, as
displayed in Fig. 2(b).

monotonically and changes into negative at pressures above

Upon compression, Ry decreases

21.5 GPa. The sign change of Ry demonstrates that the hole-
dominated conductivity maintains up to 21.5 GPa and is re-
placed by electron-dominated behavior at higher pressure. In
general, the sign change of Hall coefficient directly reflects the
modification of the Fermi surface, which could be caused by
not only electronic phase transition, > but also the occurrence
of structural instability. 2]

We further investigate the structural stability of LaAgSb,
under high pressure via synchrotron XRD measurement. Fig-
ure 3(a) shows the XRD patterns at selected pressures. Upon
compression, all Bragg peaks shift to larger angles due to
the lattice shrinkage without appearing extra peaks up to
41.6 GPa. The XRD pattern at each pressure can be well in-
dexed by the space group P4/nmm (No. 129), see the represen-
tative refinements at 1.7 GPa and 41.6 GPa in Figs. 3(b) and
3(c). The volume versus pressure plotted in Fig. 3(d) is fitted
by the third-order Birch-Murnaghan formula, which yields the
ambient pressure volume Vy = 103.3(40.2) A3, bulk modulus
By = 84.3(+1.4) GPa with its first-order derivative B, being
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fixed as 4. The extracted lattice parameters (a and c) are dis-
played in Fig. 3(f). Without detecting an evident structural
transition, it can be seen that both a and ¢ decrease mono-
tonically with the applied pressure. Nevertheless, the axis ra-
tio ¢/a, a measure of the relative compressibility along dif-
ferent crystal axis, displays a clear kink at around 22 GPa.
On one hand, such a feature can be caused by non-hydrostatic

compression due to the solidification of pressure transmitting

medium. 2728

1 However, we used Daphne 7373 as the pressure
medium in the high pressure XRD measurement, which nor-
mally leads to the kink anomaly in lattice ratio ¢/a at around
7-8 GPa.[?7:281 On the other hand, we notice that characteristic
pressure of 22 GPa agrees well with the critical pressure where
the Hall coefficient changes sign, which indicates that change
in the electronic state could be correlated with the modification

of lattice degree of freedom.
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Fig. 3. (a) Synchrotron radiation x-ray diffraction patterns of LaAgSb, under various pressures (A = 0.6199 A). The XRD pattern upon decompression
back to 5.0 GPa is denoted by d. (b), (c) The refinements at 1.7 GPa and 41.6 GPa were performed using RIETICA program with the Le Bail method.
(d) The open symbols stand for unit volume. The solid red line is the fitting result based on the third-order Birch-Murnaghan equation of states. (e)
Pressure dependence of the refined lattice parameters. The inset shows the lattice ratio of ¢/a as a function of pressure.

As an effective and powerful tool in detecting lattice
vibrations, Raman scattering is sensitive to the local lattice
symmetry and can provide information including electron—
phonon coupling, weak lattice distortion, and structural
transition. [>*3% For LaAgSb,, a factor-group analysis yields
a total number of 24I™-point phonons, of which 12 (4E; @
2A1g ® 2Bg) are Raman-active modes, 9 (3E, @ 3Ay,) are
IR-active modes, and 3 (E, ® Ay,) are acoustic modes. Both
E; and E, are double degenerate modes. At ambient pressure
(see Fig. S4(a) and Table SI in supplementary material), three
prominent peaks with Lorentzian line shape are observed at
~ 98.7 GPa, ~ 108.1 GPa, and ~ 126.3 GPa, which can be
assigned to B! | Al

1g> ‘g
spectively. As displayed in Fig. S4(b), all these Raman modes

and A%g Raman vibrational modes, re-

represent out-of-plane atomic vibrations, with By, involving
Ag and Sbl atoms while Ay involving La and Sb2 atoms.
Figure 4 shows the room-temperature Raman spectra at vari-

ous pressures up to 49.0 GPa. One can see that all three Raman

modes move towards higher frequencies monotonically with
increasing pressure. Strikingly, in line with the appearance
of ¢/a anomaly, a new peak (labeled as N) starts to appear
at ca. 22.1 GPa and becomes prominent upon further com-
pression. In principle, the emergence of new Raman modes
normally involves a crystal symmetry breaking.3'=33 How-
ever, the XRD measurement indicates that the original tetrag-
onal structure is maintained upon compression across the crit-
ical pressure. The discrepancy could be attributed to different
sensitivity of the two methods. Comparing with XRD that is
determined by the periodicity of crystal lattice, Raman spec-
trum depends on the point group symmetry and probes the
structure on a local scale. Without detecting an evident struc-
tural transition by XRD, the simultaneous occurrence of ¢/a
anomaly and new Raman peak is reminiscent of a pressure-
induced structural modification, such as isostructural transi-
tion or a weak structural phase transition.3**! Especially, if

the lattice structure of the new phase is very similar to the ini-
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tial one, this transition will be too weak to be detected due to
peak broadening of XRD pattern under pressure. In addition
to the appearance of the new Raman peak, the structural mod-
ification is also reflected in the pressure dependences of other
Raman modes plotted in Fig. 5(a), which demonstrate slope
changes around 22 GPa. Meanwhile, the full width at half
maximum (FWHM) of A%g mode decreases initially and dis-
plays a minimum around Pc [Fig. 5(b)], rather than broadens
monotonically. Recalling the sign change of Hall coefficient
at Pc, this structural modification should be the main reason.

(=) 18.9 28(% ()

............... s
o e fo
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Fig. 4. Room-temperature Raman spectra of LaAgSb, single crystal in
the pressure ranges of (a) 1.2—18.9 GPa and (b) 20.4-49.0 GPa, respec-
tively. The blue solid dots and red diamonds indicate the appearance of
new peak above 22.1 GPa. The Raman spectrum upon decompression
back to 2.8 GPa is denoted by d.

After constructing a phase diagram in Fig. 5(c), a vivid
correlation between the electrical and structural properties
presents in the pressurized LaAgSb,. The sign change of the
Hall coefficient evidences the changes of the Fermi surface at
Pc. As the CDW in LaAgSb; originates from nesting of seg-
ments of the Fermi surface pocket associated with the Dirac-
cone-like structure, the collapse of CDW should be concomi-
tant with the disappearance of Dirac fermions. Along with the
modulation in the Fermi surface, the structural modification
and an abrupt increment of room temperature resistivity are
detected at the same critical pressure. Accordingly, a question
arises as what is the origin behind these changes. On one hand,
the modulation of electronic state could be attributed to the
structural modification. On the other hand, the structural mod-
ification might be caused by the reconstruction of the Fermi
surface, which accords with a scenario of electronic topologi-
cal transition (ETT) or Lifshitz transition.[*?! The ETT or Lif-
shitz transition does not require the structural transition, but
normally leads to anomalies in the phonon spectrum or anoma-

lies in ¢/a ratio. 4371
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Fig. 5. (a) Pressure dependence of Raman frequencies of LaAgSb,. Solid
lines are linear fits to data. (b) FWHM of the A%g Raman mode as a func-
tion of pressure and solid line is drawn as guide to the eyes. (c) Pressure-
temperature phase diagram of LaAgSb,. The left axis stands for the temper-
ature 7" and the right axis corresponds to the resistivity py.

4. Conclusion

In summary, the pressure effects on structural and elec-
tronic properties of single crystal LaAgSb, were investigated
by combining electronic transport, XRD, and Raman experi-
ments. With increasing pressure, the magnetoresistance is sup-
pressed gradually. Both XRD and Raman experiments consis-
tently uncover a structural modification at Pc = 22 GPa. The
structural modification is characterized by a kink anomaly in
¢/a and a newly appeared Raman mode, and is accompanied
by the sign change in the Hall coefficient.
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