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Micro-Raman study of the role of pressure in mercury-based superconductors
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Understanding the role of pressure in increasing T, is a crucial issue in mercury-based superconduc-
tors. We report on the e6'ect of pressure on the Raman frequency (co) of the apical oxygen (0&) in
Hg-O&-Cu bonds of HgBa2Ca„&Cu„O&„+2+q superconductors. For both Hg-1201 and Hg-1223,
h(co /coo)/hP is found to be strongly correlated with hT, /hP, where coo is the frequency at ambient
pressure. Together with our local-density approximation total-energy phonon study of the 0&-A &g

Ra-
man mode, it is concluded that the change of the Oz Raman frequency is due to the change in Hg-0„
bond strength, which may be directly related to the charge transfer between the CuO& planes and the
Hg-0 layers.

The superconducting transition temperature ( T, ) of
the mercury-based superconductors increases by -30 K
under high pressure, the largest among oxide high-
temperature superconductors. The highest recorded T,
so far is known to be 164 K for HgBa2Ca2Cu308+s (Hg-
1223) at 30 Gpa. ' Investigating the mechanism of the
pressure-induced increase of the T, is important both in
understanding the nature of high-temperature supercon-
ductivity and in achieving even higher T, values.
Structural investigations in these superconductors under
pressure have been carried out by neutron powder
diffraction and energy-dispersive x-ray diffraction.
From the structural investigations, Hunter et al. sug-
gested a possible pressure-induced charge transfer be-
tween Cu02 planes, but could not find any conclusive evi-
dence for it. There has been a theoretical study of the
effects of pressure on electronic structure and T, using
local-density approximation (LDA) total-energy calcula-
tions. However, there is no experimental result available
for directly probing the changes in the electronic struc-
ture of the mercury-based superconductors under pres-
sure. While photoemission spectroscopy and electronic
Raman studies under pressure might be helpful, such
measurements are hampered by the impurity phases un-
less sizable single crystals are available. On the other
hand, the micro-Raman technique requires only
micrometer-sized crystals and thus it is less prone to im-
purities, although it is limited in polarization
configurations.

In this article, results of micro-Raman measurements
on polycrystalline HgBa2CuO&+s (Hg-1201) and Hg-1223
samples under pressure up to 10 GPa are presented. The
results show that the Raman frequency (co) of the Oz
A &~ mode increases from 592 cm ' at 1 atm to 626 cm
at 7.4 GPa for Hg-1201 and from 585 cm ' at 1 atm to
649 cm ' at 9.0 GPa for Hg-1223.

It is striking to observe that increases in the rates
b(co Icoo)IEP and b, T, /b, P are strongly correlated,
where coo is the frequency at ambient pressure. For Hg-
1223, there exists a noticeable change in both
A(co /coo)IEP and AT, /bP near P =5 GPa. Incidental-
ly, earlier LDA total-energy calculations suggest that at
this pressure the Hg-Oz orbital energy crosses the Fermi
energy Ez for Hg-1223. In contrast to the case of Hg-
1223, b(co /coo)IEP for Hg-1201 does not show such an
anomaly up to 10 GPa. Together with our LDA total-
energy phonon study of the O~ A

&g
Raman mode, it is

concluded that the change of Oz Raman frequency is
due to the change of the Hg-O„bond strength, which
may be directly related to the charge transfer between the
Cu02 planes and the Hg-0 layers. In addition, it is re-
markable to note that the increased rate is found to be
nearly the same for both Hg-1201 and Hg-1223 below
I' =5 GPa. This suggests that the same mechanism may
be increasing the Raman frequency for both Hg-1201 and
Hg-1223 below P =5 GPa.

Single-phase Hg-1201 and Hg-1223 samples were
prepared in a manner described elsewhere. ' Magnetic
susceptibility and resistance versus temperature measure-
ments of these samples showed that there exists only one
superconducting phase in each set of samples. The onset
temperatures are 92 and 134 K for Hg-1201 and Hg-
1223, respectively. Complete transition to the zero-
resistance state occurs within 3 K for both sets of sam-
ples. Among the Hg-12(n —1)n (n =1,2, 3) supercon-
ducting phases, the Hg-1223 phase is the most difficult to
make as a single phase. Based on x-ray powder
diffraction, our Hg-1223 samples consist mostly of the
Hg-1223 phase with a BaCu02 impurity phase. Traces of
a CaHg02 phase were detected only in Raman measure-
ments. In addition, Auger electron microprobe analysis
and thermoelectric power measurements confirmed the
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high quality of the samples.
Polycrystalline samples were loaded at room tempera-

ture into a gasketed diamond anvil cell with the sample
itself serving as a pressure medium. Any other pressure
media would greatly reduce the already poor signal-to-
noise ratio. The dimensions of the sample chamber were
approximately 300 pm in diameter and 150 pm in thick-
ness. Pressures were determined by the well-known
ruby-fluorescence technique. R lines of the fluorescent
spectra of ruby chips, incorporated into the sample space,
were recorded before and after each Raman measure-
ment. The uniformity of the quasihydrostatic condition
below 10 GPa inside the pressure cell was determined us-
ing the ruby fluorescence lines.

Raman spectra were excited using the 514.5-nm line of
an Ar-ion laser through a metallurgical microscope with
ultra-long-working-distance objective lenses. The light
was focused onto specific crystal(s) in the cell, and the
backscattered light was dispersed using a Jobin Yvon
U1000 double monochromator. The overall resolution of
our Raman spectrometer was 4.6 cm '. The lateral di-
mension of the measured crystals was in the range of
2—10 pm, while the diameter of the probing beam spot
was 3—5 pm. The exact orientation of the crystals under
pressure is not known.

Figure 1 shows typical Raman spectra of the Hg-1223
samples under pressure. The spectra are shown in the
measured sequence, with the first at the bottom and the
last at the top. A slight deterioration in the intrinsic
Hg-1223 spectra was detected after the full cycle of pres-
sure measurements. In the pressure cell, only the strong
peaks of the O„A, mode are distinguishable due to
background fluorescence of the diamond anvils. As not-
ed above, the Hg-1223 samples in these measurements do
have impurity phases like CaHg02 and BaCu02. Studies
of pressure effects on the Raman spectra of Hg-1201 and
Hg-1212 single-phase samples and several impurity
phases were also carried out. Details of the results will be
published in a separate paper.

Figure 2 shows the peak positions of the O„A,g
modes of Hg-1201 (circles) and Hg-1223 (squares).
Different types (filled, open, hatched) of circles and
squares represent different batches of samples, indicating
the reproducibility of the data. Representative error bars
of the selected peak positions are shown in the figure, and
they are rather large due to the poor signal-to-noise ratio
of the spectra. Uncertainty in the magnitude of the ap-
plied pressure is about the size of the legends, except for
the highest pressure, whose uncertainty is drawn in the
figure.

To probe the pressure dependencies of the O„A &g

mode, we plotted our Raman data as (co /coo) vs P for
both Hg-1201 and Hg-1223 (Fig. 3). co represents
effectively the force constants of the bonds between Oz
and its neighboring Hg and Cu atoms (i.e., Hg-Oz and
Cu-Oz bonds). It is noted that the change of (co /coo)
can be regarded as being proportional to P and the rates
of increase of (co /coo) for both Hg-1223 and Hg-1201 are
the same up to P=5 GPa. The Hg-1223 shows a sharp
increase of the rate above P =5 GPa. Shown in the inset
are T, data for Hg-1223 from electrical measurements by
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FIG. 2. Raman frequencies of the 0& A &g modes of Hg-1201
(circles) and Hg-1223 (squares) at various pressures. Different
types of circles (squares) are for different batches of samples.
Error bars are discussed in the text.
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FIG. 1. Typical Raman spectra of Hg-1223 at various pres-
sures. The spectra are presented in the measuring sequence, the
first at the bottom and the last at the top.

Gao et al. and Chu et al. ' and from magnetic measure-
ments by Takahashi et al. ' It is noted that the slope in
T, vs P also changes in both sets of data at P=5 GPa.
Table I summarizes our experimental results for
b, (co /coo)/hP and estimated values of the Griineisen pa-.ameters" using the values of bulk moduli given in Refs.
2 and 3 for low and high pressures, respectively.

In order to understand the dependence of the Oz A
&g

Raman frequency on the pressure in relation to the shor-
tening of each Hg-O„and Cu-Oz bond, a first-principles
LDA-FLAP W (full-potential linearized augmented-
plane-wave' ) total-energy calculation of the Oz
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phonon frequency was carried out. As a model calcula-
tion, we took two different sets of neutron diffraction data
on the Hg-1201 lattice parameters by Hunter et a/. The
results of the calculations for Hg-1201 are shown in
Table II, in comparison with experiment, where the set A
is for the results obtained from the equilibrium lattice pa-
rameters at ambient pressure, and the set B is from the
lattice constants at 0.6 GPa —but for the set B only the
position of the O~ ion is relaxed in the present calcula-
tion. First, the calculated Oz A

&
Raman frequency of

587 cm ' for Hg-1201 shows excellent agreement with
the observed value of 592 cm '. ' However, the calcu-
lated value of 631 cm ' at P =0.6 GPa is much higher
than the observed value of -595 cm '. Such a large
discrepancy may arise due to the lack offull scale r-elaxa-
tion of lattice parameters and other ionic positions, ex-
cept the O„site, in our calculations. Detailed results of
our total-energy calculations will be published elsewhere.

Despite the lack of full-scale relaxation in the higher-
pressure calculation, it is notable to observe that the Hg-
O„bond length, dH o, changes little with the increaseHg-OA &

of pressure, while that of Cu-O&, dc„o, changes most.
A

That is. as shown in Table II,
EdcU 0 kdH 0 =0, (1)

b,c hc
which is indeed consistent with earlier LDA calculations
by Novikov, Mryasov, and Freeman and measurements
for Hg-1201 by Hunter et al. Using a simple force-
constant model, we may write the increase of the force
acting on O„by its neighboring atom X(X=Hg or Cu)
due to the reduced bond length b,dx Q as

A

EFx-0 =kx-0 hdx-0„+ Akx-0 dx-0 (2)

where kx 0 and dx 0 represent the equilibrium force
A A

1.25

1.20

1.15

3
3

1.10

TABLE I. Estimated rate of increase in the force constants
h(~ /coo)/hP (in GPa ') and the Gruneisen parameter (Ref.
11)y for Hg-1201 and Hg-1223.

Pressure

Below 5 GPa
Above 5 GPa

Hg-1201
h(co /a) )/hP y

0.015 0.52
0.015 0.52

Hg-1223
L(co /coo)/hP y

0.015 0.68
0.040 1.28

kH-0 =
~dc.-o„
d P Cu-OAk

Hg-0 A
J

assuming Eked„o =0.' From the force-constant model,
A

we know that

kCu-OA +kHg-OA
2

Mo
A

for the Oz A,~ mode frequency co. Thus, the increase of
the Raman frequency has the following dependence

kH -OA ~d cu-0
A 2

d
Ct)p,

Hg-0 A

&(co')=
Mo

which is proportional to 4c, i.e., the decrease in lattice
constant c.

Once we assume that this simple model can be applied
to both Hg-1201 and Hg-1223, then the linear depen-
dence of 6(co /coo) on bP (i.e., b,c), shown in Fig. 3, can
be understood as a direct consequence of the change of
the Hg-O„bond strengths. In other words, for both Hg-
1201 and Hg-1223, the increase of (co /coo) arises from
the change of bond strength, hkHg 0, which is depen-Hg-OA &

dent on the electronic structure of the Hg-Oz orbital
states. Interestingly, h(co /coo)/hP for Hg-1223 has a
sharp change near I' =5 GPa and shows a strong correla-
tion with a similar anomaly in the rate hT, /b, P as shown
in Fig. 3. Since this change of h(co /coo) is directly relat-

constants and bond lengths of Hg-Oz and Cu-Oz bonds,
respectively. Therefore an equilibrium condition at high
pressure (or reduced bond lengths) becomes

(koHs.o„bdHs.o„+~kHs.o doHSO )

(kcu-o„~dcu-0 +~kcu-0 dcu-0 )=0 . (3)

Our calculation gives hdc„o »hdHso --0 in agree-
A

ment with previous results, ' from which it follows that

1.05 TABLE II. Results of LDA total-energy calculations of the
OA A&~ mode frequencies, the corresponding bond lengths in
Hg-1201 at two different pressure points, and a comparison with
experimental values.
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FIG. 3. Raman peak frequency cu plotted as (co /coo) vs P for
both Hg-1201 (circles) and Hg-1223 (squares). The lines are
guides to the eye. In the inset are T, vs P plots for Hg-1223, us-
ing data from Refs. 1 and 10.

A(P=1 atm)
B(P=0.59 GPa)
Difference (B—A)

Bond lengths
(A)

d Hg-0 d cu-o

2.00 2.76
2.00 2.74
0.00 —0.02

587
631
44

592
-595

3

OA A, Raman freq.
(cm ')

cgpz (cale. ) coo (expt. )
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ed to b, k~ o, such anomalies in both h(co /coo) andHg-OA &

6T, /hP near P=5 GPa can arise from a change of
hkH o as pressure goes through P=5 GPa. In fact, atHg-0 A

this pressure, the calculated Hg-0 z orbital energy
(Ezso ) crosses Fermi energy Ez for Hg-1223. Such aHg-0 A

level crossing of EHgo and Ez may initiate a large

charge transfer from the Cu02 planes to the Hg-0 layers
as the pressure increases. Consequently, such a charge
transfer may lead to a decrease of hT, /hP and an in-
crease of h(co /coo)/hP.

In Hg-1201, on the other hand, there is no signature of
such an anomaly within the pressure range studied (i.e.,
below 10 GPa). It is remarkable, however, that
b,(e /coo)/EP for Hg-1201 is the same as that for Hg-
1223 below P =5 GPa, which strongly indicates that the
same mechanism is responsible for the change of (co /coo)
for both Hg-1201 and Hg-1223. That is, the increase of
kn o drives hem for both Hg-1201 and Hg-1223 below

P=5 GPa. From T, vs I' measurements also, it was sug-
gested that a common mechanism is responsible for the
pressure-induced increase in T, in all Hg-12(n —1)n
(n =1,2, 3) compounds. "5

Initially the increase of the O~ A
&

Raman frequencies
was thought to be directly related to the shortening of
bond lengths between Oz and neighboring atoms result-
ing from the applied pressure (i.e., compression of the
bonds). By neutron powder diffraction, Hunter et al. i in-
vestigated the changes of such bond lengths in the crystal
structures of Hg-1201 and Hg-1212 up to 0.6 GPa, and
for Hg-1223 to 9.2 GPa. By comparing structural data at
pressures below 0.6 GPa, they concluded that the Cu-O~
bonds are more compressible in Hg-1201 and Hg-1212,
while the Hg-Oz bonds are more compressible in Hg-
1223. The Cu-Oz bond compressibility of Hg-1223 was
nearly zero up to 9.2 GPa. If this is the case, then one
might expect the pressure dependence of the O~ Raman
frequencies of Hg-1201 to be different from that of Hg-

1223. On the contrary, the behavior of the Oz Raman
frequencies of Hg-1201 and Hg-1223 is nearly the same
below P=5 GPa. It is possible that the data of Hunter
et al. may have been influenced by the presence of impur-
ity phases, as noted in their paper.

In conclusion, effects of pressure on the Raman fre-
quencies of the apical oxygen Oz A&g modes of the
HgBa2Cu04+5 and HgBa2Ca~Cu~O, +z superconductors
are studied. The results show that the Raman frequencies
of the apical oxygen A,g modes increase from 592 to 626
cm ' at 7.4 GPa for Hg-1201 and from 585 to 649 cm
at 9.0 GPa for Hg-1223. It is striking to observe that the
increased rates of the force constants, b(co /coo), and the
variation of T„ET„under pressure are strongly corre-
lated for both Hg-1201 and Hg-1223. For Hg-1223, both
h(co /coo) and hT, show anomalous slope changes near
P=5 GPa. Incidentally, this pressure (=5 GPa) corre-
sponds to the energy level crossing of the Hg-O~ orbital
energy and the Fermi energy EF as reported for earlier
LDA total-energy calculations. In addition, it is re-
markable to note that the increased rate b (co /coo)/bP is
found to be nearly the same for both Hg-1201 and Hg-
1223 below P =5 GPa. This implies that the same mech-
anism works to increase the Raman frequency of both
Hg-1201 and Hg-1223 below P=5 GPa. Together with
our LDA total-energy phonon study of the Og A

&g
Ra-

man mode, it is concluded that the change of 0z Raman
frequency is due to the change of Hg-O„bond strength
and the Hg-Oz orbital energy relative to Fz, which may
be directly related to the charge transfer between the
Cu02 planes and the Hg-0 layers.
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