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Abstract

We measured polarized far-infrared reflectivity and Raman scattering spectra of SrCuQO, single crystals. The fre-
quencies for infrared-active modes were determined using an oscillator-fitting procedure of reflectivity data. The Raman
spectra were measured at different temperatures using several laser energies w; . In addition to eight of twelve Raman
active modes, predicted by factor-group analysis, we observed a complex structure in the Raman spectra for polar-
ization parallel to the c-axis, which consists of Raman-allowed A, symmetry modes, and B, LO infrared-active
(Raman-forbidden) modes of the first and higher order as well as their combinations. The Raman-forbidden modes
have a stronger intensity at higher w; than the Raman-allowed ones. In order to explain this resonance effect, we
measured the dielectric function and optical reflection spectra of SrCuQ; in the visible range. We show that the Raman-
allowed A, symmetry modes are resonantly enhanced when a laser energy is close to Ey, while Raman-forbidden (IR-
active) modes resonate strongly for laser line energies close to the electronic transition of higher energy gaps. © 2001
Elsevier Science B.V. All rights reserved.

PACS: 78.30.Hv; 78.20.Ci; 63.20.Dj; 71.27.+a

1. Introduction ties of which have been subject of intensive studies
in recent years [1-8]. This oxide, grown in single
crystalline form under ambient conditions, has an
orthorhombic unit cell (space group D;IZ: Cmcm)
with parameters a = 0.3577 nm, b = 1.6342 nm,
¢=0.39182 nm and Z =4 [9,10]. The compound

has a unique structure consisting of CuQO,4 squares,

Strontium copper oxide belongs to the new fam-
ily of 1D antiferromagnetic insulators the proper-
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mutually connected via common edges that form
double copper chains (Fig. 1). These double chains,
stretched along the c-axis, could be taken as a
quasi-one-dimensional antiferromagnetic chains of
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Fig. 1. Schematic representation of the SrCuO, crystal struc-
ture.

Cu?* ions with S = 1/2, since the 90° Cu-O-Cu
superexchange interactions between neighboring
chains is negligible in comparison with the 180°
Cu-O-Cu superexchange interactions along the
chains [2]. Magnetic susceptibility measurements
of SrCuO, show that the Cu?** moments order
antiferromagnetically at about 2 K [4]. The ex-
change interaction energy J is estimated to be
2100 £ 200 K [5].

The Raman scattering spectra of SrCuQO, were
reported in Ref. [6]. The A, symmetry modes at
188, 262, 543 and 558 cm~! were clearly resolved at
room temperature. The Raman spectra for the
polarization parallel to Cu-O chains show addi-
tional structures ascribed to either phonons
strongly coupled to spinons or pairs of unbound
spinons that resonate as the excitation energy ap-
proaches the charge-transfer (CT) gap [6].

More recently [7,8], micro-Raman and the far-
infrared (FIR) measurements of polycrystalline
SrCuO, were reported. The assignment of the
observed modes was given according to a shell

model lattice-dynamics calculation [7]. In addition
to the Raman-allowed modes, numerous lines with
A, symmetry appear for polarization parallel to
the Cu-O chains only. These modes originate from
the B;, LO modes and their overtones and com-
binations, becoming Raman-active via Frohlich
interaction [8]. It was also shown in Ref. [8], using
the calculated combination two-phonon density of
states of only B, dispersion curves, that non-
phonon excitations [6] are not necessary for the
understanding of Raman spectra on SrCuQO,. In-
frared and Raman unpolarized spectra of the te-
tragonal modification of this oxide have been
analyzed in Ref. [11]. Some of our preliminary
results we discussed in Ref. [12].

In this paper we report measurements of the
FIR reflectivity and Raman scattering spectra of
single crystal SrCuO,, which enables us to make
full use of polarization selection rules. The TO and
LO frequencies of By,, By, and Bj, infrared-active
modes were obtained by applying an oscillator-
fitting procedure to the reflectivity data. The Ra-
man spectra were measured at 10 K and at room
temperature. Eight Raman active modes of dif-
ferent symmetry were resolved. The Raman spec-
tra for polarization along the Cu-O chains show a
rich structure consisting of Raman-allowed A,
symmetry modes and By, LO infrared-active (Ra-
man-forbidden) modes of the first and higher or-
der as well as their combinations. These modes
become more pronounced when Ar laser lines of
higher photon energy are used. In order to explain
this resonant effect, we analyzed optical properties
of this oxide in the visible range on the basis of
optical reflection and dielectric function measure-
ments.

2. Experimental details

The present work was performed using single
crystal sample with a size of about 20, 3 and 7 mm
along the a, b and ¢ axes, respectively. The Raman
spectra were measured in the backscattering con-
figuration using Ar and Kr lasers for excitation
sources. For low temperature measurements we
used a closed-cycle cryostat. The scattered light
was detected by a Jobin Yvon U-1000 (XY-800
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Dilor) double (triple) monochromator with 1800
groove/mm gratings and a RCA 31034 A photo-
multiplier (CCD) as a detector. The FIR re-
flectivity measurements were carried out with a
BOMEM DA-8 FIR spectrometer. A DTGS py-
roelectric detector was used to cover the wave
number region from 100 to 700 cm~!. The spectra
were collected with the 2 cm™' resolution. We
measured the pseudodielectric function with a help
of a rotating-analyzer ellipsometer. A Xe-lamp
was used as a light source, a double monochro-
mator with 1200 lines/mm gratings and an S20
photomultiplier tube as a detector. The polarizer
and analyzer were Rochon prisms. The measure-
ments were performed in the 1.2-5.6 ¢V energy
range. Optical reflectivity was measured in the
200-2500 nm spectral range using Perkin—Elmer,
model Lambda spectrophotometer.

3. Results and discussion

Room temperature polarized FIR reflectivity
spectra of SrCuQ,, in the spectral range from 100
to 675 cm™!, are shown in Fig. 2. The circles are
the experimental data and the solid lines represent
the spectra computed using a four-parameter
model for the dielectric constant:

n 2 2 :
Wip,; — O + 1700

P IE
1 Wro,; — ©° + 1P1o,;0

e(w) = e

: (1)

where wro; and wro; are longitudinal and trans-
verse frequencies of the jth oscillator, y,,; and
10, are their corresponding dampings, and &, is
the high-frequency dielectric constant. The best-
oscillator-fit parameters are listed in Table 1. The
static dielectric constant, given in Table 1, was
obtained using the generalized Lyddane-Sachs—
Teller relation:

szOj
aozawH o (2)
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As can be seen in Fig. 2, the agreement between
the observed and the calculated reflectivity spectra
is satisfactory. Deviations between these spectra

occurs only there where the leakage from another
polarization exists.

The factor-group analysis for this crystal pre-
dicts:

I'sicu0, = 44,(aa, bb, cc) + 4B (ab) + 4B,(be)
+3B1u(E||c) + 3Bu(E||b) + 3Bsu(E|| a).
3)

According to Fig. 2 and Table 1, all nine in-
frared active modes are observed. Comparing our
single crystal reflectivity spectra with those previ-
ously published for polycrystalline samples (Table
1), we found a difference between the TO(LO)
frequencies which, for higher energy modes,
reaches a value of 10 (25) cm~!. Such a big dif-
ference may be expected because the reflectivity
measurements carried out on polycrystalline sam-
ples give good results for TO and LO mode fre-
quencies in the case of isolated oscillators only.
Here we have different symmetry oscillators with
almost identical TO and different LO frequencies.
It is not possible, therefore, to extract precise
values of the optical parameters either by Kra-
mers—Kronig analysis or oscillator-fitting proce-
dure from the unpolarized reflectivity spectra (see
inset in Fig. 2).

We also measured the unpolarized reflectivity
spectra at low temperature of 10 K. Note the
strong frequency shift of the LO; mode from 586
to 596 cm~! upon lowering the temperature to 10
K (dashed curve in inset in Fig. 2). No evidence of
any additional structure was observed.

The polarized Raman scattering spectra of
SrCuO; measured at room temperature are shown
in Fig. 3. According to the assignments given in
Ref. [7], the lowest frequency A, mode at 186 cm™'
originates from the vibration of Sr atoms; the
mode at 262 cm™! represents Cu vibrations, while
the other two A, high frequency modes are as-
signed to OS5 and O vibrations, respectively. Let
us note that the polarization dependence of the
strength of the A, modes, shown for blue excita-
tion at 488 nm in Fig. 3, disappears for the red
excitation of the Kr laser at 647.1 nm. Namely, the
A, modes at 186 and 262 cm™! are nearly of the
same intensity for the 647.1 nm excitation at 300
K.
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Fig. 2. Room temperature polarized FIR reflectivity spectra of SrCuO, single crystal in the spectral range 100-675 cm™' for all three
principal polarizations. The experimental values are given by open circles. The solid lines represent the calculated spectra obtained by a
fitting procedure described in text. Inset: unpolarized reflectivity spectra of SrCuO, single crystal at room temperature (—) and 10 K (- - -).

The Raman spectra for crossed polarization are
shown in the Inset of Fig. 3. The B, symmetry
modes can be seen for (xy) polarization. For this
polarization we clearly observed the Cu vibration
mode at about 150 cm~! and O%" vibration mode
at 229 cm~!. We observed also a wide structure at
about 215 cm~! which represents a superposition
of two peaks at 211 and 217 cm™'. The peak at 217
cm™' is the mode of Bi, symmetry. Thus we
identified three of four B;, modes. The fourth

mode of this symmetry was observed at 78 cm~! in

Ref. [7]. Very strong rotational modes of nitrogen
from air do not allow us to resolve this mode in
our experiment here. For (zy) polarization we
found only one mode at about 217 cm™!, which
represents Cu vibrations [7]. Other modes of this
symmetry are probably of very week intensity.
The Raman spectra of SrCuQO, for the (cc) po-
larization configuration (incident and scattered
light are polarized along the Cu—O chains) at 10 K
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Table 1
Frequencies and dampings (in cm™') of infrared and Raman active modes in SrCuO,
Polarization wTo Ref. [7] Y10 WLo Ref. [7] YLo £ &
142.5 (148) 5 157 (154) 4
E|c 307 (291) 13 345 (370) 25 4 7.7
520 (506) 30 582 (561) 30
200 - 15 221 - 15
E|b 506 - 50 560 - 40 2 3.7
580 (577) 40 645 (527) 70
143 (137) 2 145 (146) 2
E|a 178 (172) 12 213 (218) 15 25 6.5
300 - 25 400 - 40
A, 186 (188) Byt - 78 Bs,: - (120)
262 (263) 150 (150) 217 (219)
543 (544) 211 - - (320)
558 (560) 229 (231) - -
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Fig. 3. Raman scattering spectra of SrCuO, at room temperature for different polarization configurations. Inset: B;, and Bs, scattering

configuration; the A, modes appear through leakage.

are shown in Fig. 4. These spectra consist of Ra-
man-allowed A, symmetry modes and Raman-
forbidden—infrared-active B;, LO modes, their
overtones and combinations, becoming Raman-
active via Frohlich interaction [8]. Appearance of
the infrared active modes in the Raman spectra of

CuO based materials is observed when the laser
energy is close to the charge-transfer (CT) gap
transition [13-16]. It was shown [14] that, de-
pending on coordination, the values of the CT gap
decrease from 2.0 eV in the case of octahedral
CuO; layers in La,CuO, to 1.5 eV in square-type
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Fig. 4. The (cc) polarized Raman spectra of SrCuO, at 10 K for (a) 647.1 nm and (b) 514.5 nm excitation. Inset: Raman spectra
measured with 647.1 nm and 514.5 nm lines at 10 K in the spectral range 1000-1400 cm™', deconvoluted by Lorentzians.

CuO; sheets in Nd,CuO,. To best of our knowl-
edge there is no experimental data about energy
gap of SrCuQ,. We attempted to extract some
information from optical conductivity spectra of
the Cagg5Sry15CuO; crystal. We have obtained the
main conductivity peak at 1.6 eV and a less
prominent tail at 2.1 eV by deconvolution of the
optical conductivity spectra of CaggsSry5CuO,
given in Fig. 1(e) of Ref. [16], who obtained their
conductivity spectra by Kramers—Kronig analysis
of the reflectivity data, measured at room tem-
perature with the polarization parallel to the Cu-O

chains. Since the substitution of Ca for Sr atoms
produces crystal structure transition from ortho-
rhombic to tetragonal and a corresponding change
of electronic structure, it was not possible to use
these data as a gap values of SrCuO,. Instead, we
measured the dielectric function and optical re-
flectivity of SrCuQ, in the visible and UV spectral
range. The dielectric function & of SrCuO, is
shown in Fig. 5. These spectra were computed
from the measured Fourier coefficients using the
equations for an isotropic case. Consequently, ¢,
represents a complicated average of the projections
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Fig. 5. Room temperature imaginary part (g;) of the pseudodielectric function of SrCuQ,. The spectra of the (0 1 0) surface taken with
a-axis (E | a) and c-axis (E||¢), parallel to the plane of incidence. Inset left: The ¢ (w) spectra in the 1.2-1.8 eV range for E||¢ po-
larization. Inset right: unpolarized room temperature reflectivity spectra of SrCuQO, in the 1-5.5 eV range.

of the dielectric tensor on the sample surface.
Bands with the energies of 3.15, 4.1 and 5.23 eV
were found for the ¢ axis, and at about 1.74, 2.0,
4.02, and 5.1 eV for the g-axis in the plane of in-
cidence, respectively. By comparison of ellipso-
metric data in Fig. 5 with optical reflectivity
spectra shown in the right inset of Fig. 5, we
concluded that dielectric functions coincide with
reflectivity spectra in the spectral range from 1.6 to
5.5 eV. In order to check from which polarization
originate the lowest energy maxima in optical re-
flectivity spectra at about 1.5 eV we measured di-
electric functions in 1.2-1.8 eV range, also (left
Inset of Fig. 5). We found that only for E||¢ po-
larization exists a weak structure at about 1.4 eV.
The position of this line is obtained by a Lo-
rentzian deconvolution. We conclude that the
lowest energy gap in SrCuO, (E,) is at about 1.4
eV (1.74 eV) for E||c (E||a) polarization.
According to the spectra in Fig. 4, the en-
hancement of the Raman-forbidden modes ap-
pears at higher energies than the gap value.
Namely, in the case of the 647.1 nm excitation,
Raman-allowed Ag modes at 190, 265 and 544

cm~! are the dominant structures. With an in-

crease in excitation energy to 514.5 nm, additional
structures enhance resonantly and new modes,
superimposed on a wide background, appear. The
frequencies and the assignment of all observed
modes are given in Table 2. A more detailed
analysis indicates that the Raman-allowed A,
modes in combination with the LO modes also
contribute to the two-phonon spectra. For the
modes at 796 cm™! (A) and 1168 cm™! (B) no
corresponding combination of modes has been
found, and we presume that they originate from
zone-edge phonons.

The highest intensity mode at about 1195 cm~
is asymmetric due to superposition of several
modes. We fitted this structure with four Lorentz-
ians in order to determine frequencies at which
maxima occur (upper inset in Fig. 4). For the 514.5
nm line, the dominant contribution to this mode
comes from 2L.O;. Using the 647.1 nm excitation,
this mode becomes weaker than the mode at about
1170 cm™" (B), giving the impression that its fre-
quency decreases by lowering the excitation en-

ergy.

1
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Table 2
Frequencies (in cm™') and assignment of modes observed for
(cc) polarization at T=10 K

Number of peaks Frequency Remark

1 156 LO,

2 190 Ay

3 265 Ap

4 347 LO,

5 455 Ag +Ap
6 503 LO; +LO;
7 530 2Ap

8 544 Ag3

9 562 Ay

10 596 LO;

11 610 Agp + LO,
12 694 2L0O,

13 733 Agl +Ag
14 755 LO; +LOs
15 796 A

16 941 LO, +LOs
17 1040 2L0O; — LO,
18 1130 Ay +LOs
19 1168 B

20 1195 2105

Having above in mind, we conclude that the
2LO overtone processes are not resonantly en-
hanced with a laser line energy (1.91 eV) near the
lowest energy gap but with a laser energy close to
the energies at which the light absorption is sig-
nificantly increased (light absorption maxima for
higher energy transitions). This effect, observed for
the first time in II-1V Mg, X (X =Si, Ge, Sn) type
semiconductors [17-19], is attributed to spatial
dispersion effects arising from the finite wave-vec-
tors of phonons and/or the incident and scattered
electromagnetic radiation. As it is shown also in
Ref. [19], the strength of resonance in Mg, X at Ey
is weaker than that at higher energy transitions,
which is explained by the weaker electron-phonon
interaction at E.

In 1D antiferromagnetic S = 1/2 systems, the
excitation spectrum consists of magnon (more
precisely spinon) continuum that builds up at
nonzero momentum (largest contribution is at
zone boundary). Therefore, some contribution in
form of two-spinon continuum might be expected
in the Raman spectra. However, in the Raman as
well as in the infrared spectra of SrCuO,, mea-
sured up to 6000 cm™' (J ~ 1500 cm™'), we did

not find any feature which could be assigned as
magnetic in origin, as in the case of Sr,CuOs; [20].
The reason for this is probably very small spec-
tral weight of these excitations. Besides, the two-
spinon Raman intensity, in perfect 1D case, is
expected to be largest at small energies and con-
tinuously decreases towards higher energies.
There, at low energies, we see strong two-phonon
continuum that mask week two-spinon contin-
uum. At the other hand, the magnetic structure of
SrCuQ, is of zigzag spin-chain type [21-24], dif-
ferent to that of Sr,CuQj;, which also might be the
reason for the different Raman and IR spectra in
these two compounds.

In conclusion, we presented the polarized FIR
reflectivity, Raman scattering spectra and ellipso-
metric as well as optical reflectivity results of single
crystal SrCuQO,. In addition to Raman-allowed
modes, the Raman-forbidden-infrared-allowed
B;, LO modes are observed for polarization par-
allel to the c-axis. These modes are resonantly
enhanced for a laser energy close to the electronic
transition of higher energy gaps. This effect could
be either explained by the exciton-mediated multi-
phonon Raman scattering or attributed to the
spatial dispersion effects arising from the finite
wave vectors of the phonons and/or the incident
and scattered electromagnetic radiation. Resonant
Raman scattering in charge transfer 2D insulating
cuprates [15,25] shows that IR-modes and their
overtones resonate much more strongly near the
optical absorption edge. In SrCuO, (1D cuprate)
IR modes resonate at energies higher than the
lowest energy gap. It means that there are signifi-
cant differences between the electronic structure of
SrCuO; and other 2D cuprates.
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