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We report reflectance measurements of single-crystaCu&,Cl, over the frequency range between 30
cm~! and 40000 cm?'. Using crystals of 10um to 100 um thickness we were also able to perform
transmittance measurements at frequencies below the lowest phonon mode as well as between the highest
phonon mode and the charge-transfer gap. The measurements were donéGfi)tsarface withab polar-
ization at temperatures between 10 K to 360 K. With decreasing temperature the phonon modes shift to higher
frequencies; the 340 cnt stretching mode splits below 300 K. The most notable feature in the transmittance
spectrum is a weak electronic absorption, possibly magnetic in origin. This feature is not resolved in the
reflectance. At the charge-transfer gap there is an increase in the conductivity by four orders of magnitude. The
charge-transfer gap energy increases with decreasing temperatures. In addition there is a temperature-
dependent absorption band in the low-frequency tail of the fundamental absorption edge.

l. INTRODUCTION changes irk. In contrast the measurement.@ffor a sample
with suitable thicknessdd<5) is a sensitive tool to inves-
A common feature of cuprate materials is the presence ofgatek.
a metal-insulator transition, with a change from a conduct-
ing, often superconducting, phase into a quasi-two- Il. EXPERIMENTAL DETAILS
dimensional antiferromagnetic phase as the mobile charges
are removed. These insulating “parent” compounds of the
cuprate superconductors are charge-transfer insulators, with The single crystals were grown as described by Miller
an energy gap between 1.5 é¥2 000 cmi'!) and 2.0 eV et all” by melting prereacted SEuO,Cl,. This method
(16 000 cm 1). Detailed studies of these insulators are in-yields thin platelets with fairly largé001) surfaces. The ma-
teresting, because a variety of different absorption processetgrial is a single-layered perovskite which has structural simi-
like phonons, antiferromagnetism, and defects, which mayarities to the LaCuQ, compound. At high temperature both
play a key role for superconductivity in the conducting materials have a tetragonal,MiF, structure, but, unlike
phase, can be directly investigated. La,CuQ,, no orthorhombic distortion has been reported for
Previous optical reflectance studies on single crystal$»>CUOCl, at low temperatures. The Cu-O planes, perpen-
have concentrated on the metal-insulator trané‘iﬁf)n dicular to thec aXiS, are stacked between Sr-Cl planes in-
and the light doping reginfe in La,_,Sr,cu0,, Stead of between La-O planes. Therefore there are no apical
Nd,_,Ce,CuO,, and YBaCusOg,r. In the undoped ©XYgens in the SCuO.Cl,; instead there are apical chlo-

phase, studies of phonon properties in the low-energy randdnes; The SICUQCI, is stoichiometric as grown. Vaknin
[far infrared (FIR)] and of interband transitions in the high- €t @l-~ report from neutron diffraction that the tetragonal
energy rangeabove 10 000 cml) have been performed on structure exists down to at least 10 K. Magnetic susceptibil-

? . G12 ity and neutron measurements show this material corre-
a variety of materialS™*“Whereas the reflectance spectra of . . . .

. L Y sponds to a two-dimensional2D) spin-1/2 Heisenberg
the insulating “parent” compounds are almost constant be-

; antiferromagnet”*® The spins are lying in the Cu-O planes.
tween the highest phonon frequency and the charge-transf%rhe Neel temperature is reported to be abdi~ 250 K
gap, recent midinfrared transmittance measurements on thi :

latelets reveal a variety of interesting features within theg]qd the in-plane Cu-Cu exchange interaction conslars
gapl3‘16 y 9 about 900 K. Further results 6PCl nuclear spin-lattice re-

. . . laxation rate measuremefitsand neutron scattering data
In this paper we report the optical properties of

SrLCuO,Cl, obtained on samples with different thicknessesi@%iita\?iO??ﬁ;%ﬁ{ﬂgiimyt?ﬁ_gr;eemgrﬁg?:: (r)%;o a 2b
(26 um, 50 um, and 10Qum). The measurements have been ' '
performed on theg001) surface, representing the in-plane
excitations in the material. Whereas the reflectang®d tan
be measured over a wide frequency range, transmittance The reflectance measurements were performed over a
(7) measurements can only be made in regions of wealide frequency region between 30 crhand 40 000 cm?t
absorption <1000 cm 1). In energy ranges where the using three spectrometers with a variety of exchangeable
extinction coefficient k= ca/2w) is, for example, below 0.1 components for different overlapping frequency ranges. The
and the refractive indexn( is higher than 1.5, the reflec- far-infrared and mid-infrared regiong30 cm™1-3000
tance has a change ef 0.5% ask changes by a factor of 2. c¢cm™1) were measured using a Bruker IFS-113v fast scan-
In these limits, reflectance measurements are insensitive twing Fourier transform spectrometer. At higher frequencies

A. Sample growth and structure

B. Reflectance and transmittance measurements
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Photon Energy (eV) from the periodic modulation of the fringes indicate the pres-
0.01 0.1 1 ence of weak absorption processes. Whereas the reflectance

T T ] was measured over the whole frequency range, the transmit-
Sr,Cu0,Cl i tance could be measured only up to about 12 000 tm

T = 300K 1 Figure 1(middle panel shows the transmittance at 300 K of

the same sample, which was measured in reflectance. In the
far infrared and midinfrared fringes can be seen again. The
maxima of the fringes in reflectance correspond to minima in
transmittance and vice versa.

1.0 =

Reflectance

C. Determination of optical properties

The measured reflectance”Z(w) and transmittance
spectra”(w) have been used to extract the complex dielec-
tric functione(w) = €;(w) + €,(w), the real part of the opti-
cal conductivity o1(w) = eqwes(w), the absorption coeffi-
—— . — cient a(w), and the loss function Imf1/e )=—e€,(w)/
1000 s~ 1 [ef(w)+e§(w)]. Because our samples are transparent and

100;_ / n show strong fringes from multiple internal reflections, the
E Vo

l A
3 W \ S . - . .
i Vo E analysis is rather involved. Kramers-Kronig analysis requires
MM//\/\V/ J a single-bounce reflectance spectriRy(w) over a broad
|

Transmittance

_
o
T

il

frequency region, along with suitable low- and high-
4 frequency extrapolations. Tha?(w)#0 implies .72(w)
O B OO # Ry(w); when the sample is transparent, the reflectance in-
100 1000 _q, o000 cludes a contribution from the rear surface. Frofw) and
Frequency (em™) .7{w), however, a solution for the optical properties can be
either approximately or numerically found for each data pair
FIG. 1. The upper part of the panel shows the reflectance spe@t @ Single measured frequency. In this work we use an ap-
trum (%) of a 26 um thick SECUO,Cl, sample af =300 K. Inthe ~ Proximation solution, carried out as described below. For
middle part the transmittance spectrur)(of the same sample is | =300 K we also obtained results with numerical extraction
plotted. The lower panel shows the real part of the optical conducand found equivalent results using the approximation. Fi-
tivity function (o) determined by and.7 (solid ling and by ~ nally, for the discussion of the phonons we performed a fit of
Kramers-Kronig analysi¢dashed ling the conductivity function using a set of Lorentzian oscilla-
tors.
The analysis is done in the following way. The complex
0tfransmittance is given by

g, (@7'em™)

o
[N
T

(800 cm 1-40 000 cm'!) we obtained our spectra with a
Perkin-Elmer 16 U grating spectrometer. The temperature

the sample was varied by using a helium-cooled flow cryo- A1L-F 2
stat with a silicon thermometer and a resistive heater. The T(w): */-ﬂw)eXF[iq)t(w)F —_— (1)
investigated temperature range covered 10-360 K. The (1-3%r?)

sample sizes for the measurements were about 2 mm in dj-.
ameter. Although the samples had been either freshly

cleaved or etched in 1% bromine in ethanol solution before a=expli27vnd) )

the measurement, there is a frequency-dependent correction

of the reflectivity in the visible and UV necessary due to theand

surface roughness. Therefor? we did followinlg procedure. At _

high frequencieg11 000 cm - — 40 000 cm ~) the room ~ n—-1 ,

temperature spectrum was compared to a reflectance spec- rthlZ VRy(w)exli P (w)]. ©)
trum measured with a MPM 800 Microscope Photometer o

with grating monochrometers, especially designed for spoHered is the sample thickness in cm,is the frequency in
measurements. Using a magnification of<l@nd 20k we  wave numbergcm 1), andn=n+ik is the complex refrac-
measured on shiny, smooth, and well-reflecting spots with &dive index. By averaging over the phase, and in the limit
size about 5Qum X 50 um. The structureless ratio of the n>k, which is a reasonable assumption as we will see be-
spectra was used to correct the measured temperaturew, the transmittance can be writtén

dependent spectra.

Figure 1 (upper panel shows the reflectance for a 26 _ A(0)[1-Ry(w)]?

wum thick sample at 300 K. Note that the frequency is plotted Tw)= 1—A2(w)R§(w) ' @
on a logarithmic scale. Between the strong absorption fea-

tures, the reflectance is dominated by fringes, which can b¥here

clearly seen in the far infrared and midinfrared. In these re- A(w)=3*F=exp — 4mvkd). (5)

gions multiple internal reflections are present and finite
transmittance of the sample can be expected. Deviationd/ith the approximation
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(n—1)? Photon Ener eV
Rs(w)~m, (6) 0.01 0.1 o ( )1
TR T T T T T i T
the real and imaginary parts of the refractive index or dielec- - 40 B ]
tric function can be found as a function of, d, andR;. 20 :——J -
Either the single-bounce reflectivii, must be measured on - A 1
a thick sample with no transmittance wmust be extracted 0 T
numerically as described next. S _po K ]
In the case of the numerical method we used for the mea- » ]
sured reflectance?(w) the equatiof? —40 - Sr,Cu0,Cl, i
r T = 300 K 1
@) =Ry(w)[7(@)A(w) +1]. @ =l |
Z(w) and.7(w) are inverted to findRy(w) and A(w) by 80 | I I
iteration, assuming the first data point givks= 1. The real P ]
and imaginary parts of the dielectric function can now be 8o ~ T S 1 ]
solved analytically. I ~ 4 Jk 1
Having the dielectric function we can calculd®g(w) in & 0T < 20 / —~3 A
regions where7(w) #0. These data are combined with the — « 0 P T 1
. : . T B 5000 15000 25000
measured®(w) in regions of no transmittance, yielding the 40 | Frequenc (Cm_1) .
single-bounce reflectance over the whole spectral region. On i | I quency
this spectrunR,(w) we performed a Kramers-Kronig analy- 20 ﬂ | . -
sis to obtain the dielectric function. The low-frequency ex- » DJL \
trapolation below 30 cm?® was chosen to be constant. For 0 LA NV N R
the high-frequency extrapolation we used between 5 eV and 100 1000 _,, 10000
40 eV published data of Tajimet al° for isostructural ma- Frequency (em™)
terials, and after doing so we have assumed a free electron
asymptotic behaviorZ(w)ew™*. FIG. 2. The real part,(w) (upper panéland imaginary part
€>(w) (lower panel of the dielectric function are shown at 300 K.
Ill. RESULTS AND DISCUSSION In the inset the interband region is plotted in an expanded scale.

A. Optical properties: Overall
B. Infrared phonons

In Fig. 1, lowest panel, we show the 300 K optical con-
ductivity o, (w) extracted from the two spectra shown in the
upper panels. The solid line is obtained by solving from
Z#(w) and.7(w). The dashed line shows the part included

from the Kramers-Kronig analysis. A good match is . 8.9 ; X
achieved. Below 100 cm! and between 1000 and 3000 been done by Tajimat al.™* A comparison with that study

cm~! a few remaining fringes can be seen due to the slightl)f‘;r?ws fg?Otﬂ a%rieﬁgint’hwﬁgno%yog Sli'r?htlzrsm:geﬂrr:iez}
different angle of incidence used in th&(w) and the ce Tor the nignest pho € 0 S ent.

7(w) measurements. In both the low-frequer(@onons SrL,CuO,Cl, has seven infrared phonon modes, like all the
and the high-frequencyinterband regions, conductivity
reaches up to 800! cm™1, whereas the conductivity drops
below 20t cm™t in regions of significant transmittance. oot Photon Energy (eV)
The real and imaginary parts of the 300 K dielectric func- . : ‘
tion are plotted in Fig. 2. The upper panel showyéw) and s Sr,Cu0,Cl, q
the lower panel,(w). In the inset the interband region is 300K
plotted in an expanded scale. The analysis reveals strong_-
changes ire for the four phonon modes, especially for the "33
173 cm ! vibration. An assignment and a detailed discussion g
of the phonon modes will be given in the next section. In the 7
midinfrared, a flate;(w) can be seen and gives~ 3.5,
consistent with earlier reportd As long we have high trans-
mittance in our material and therefoeg(w)~n? this indi- 0.001 £ 4
cates a mainly constant refractive inden this range. Fi-
nally, the charge-transfer structure comes at high frequency.

Figure 4(upper panglshows the temperature dependence
of the reflectance spectrum in the far-infrared region. The
dominant features are the four infrared-active phonons at
138, 173, 339, and 512 cnt. An assignment has already

0.1 e

0.01 | E

£
8]
~r
[+

0.0001 L : L

Figure 3 shows the absorption coefficient over the whole 100 1000 10000
frequency region at room temperature. The behavior is simi- Frequency (em™)

lar to the conductivity. The interruption of the curve is due to

the change of the data extraction from th&(w), .7(w) FIG. 3. The 300 K absorption coefficient(w) versus fre-

solution to the Kramers-Kronig result. guency.
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FIG. 4. The reflectance®) (upper pangland transmittance FIG. 5. Optical conductivityr; () (upper pangland loss func-
spectra () (lower pane) of a 100um thick SECUO,Cl, sample at  tion |m[—1/¢(w)] (lower pane) are shown for various tempera-
different temperatures. tures. The peaks correspond closely to the TO- and LO-phonon
frequencies, respectively. The inset shows the lowest LO-phonon

; 17 4
tetragonal compounds with thB3/ structuré®® There are mode in more detail.

four E, modes, with in-plane excitation, and thrée,
modes, with out-of-plane excitation. All four in-plane modes .
are seen in Fig. 4upper panel On account of the different Todoa det_alled st_udy of the ph_onon processes, we used a
masses of oxygen and chlorine, the assignment of the modé&&t of Lorentzian oscillatorsN), which we fitted to the con-

is clear. Chlorine replaces the apical oxygen and its heavieductivity spectrao,(w) at different temperatures:

mass causes the two lower-lying vibrations. The 140 ¢m

mode is an apical bending mode of the chlorine against the N wleqw iy,
Cu-O unit. The 173 cm® mode is a translational vibration o(w)=D — 02 2'” ! 5. (8)
of the Sr-atom layer against the whole octahedron. The 339 =1 (07— 09) "+ 0%y,

cm™~ ! mode is a Cu-O bending mode, which modulates the
bond angle, whereas the 512 ¢t vibration is a Cu-O with wp; the oscillator strengthy+; the eigenfrequency, and
stretching mode, i.e., a bond distance modulation. The phoy; the linewidth of thejth oscillator. These parameters were
non features give increased reflectance with decreasing terased to calculat®k(w) using a suitables,, for the higher-
perature. In addition, the 173 and 512 chmodes show a frequency contributions above the main phonon frequencies,
hardening at lower temperatures. Finally, the 339 ¢ém and gave good agreement with the measurement in the pho-
mode splits at lower temperatures. non region. A fit to the whole reflectance spectrum is not
The lower panel in Fig. 4 shows the transmittance spectraeasonable as long as the weak absorption features in the gap
for the same temperatures. In regions of strong absorptioare not observed in the reflectance spectra. The parameters
the transmittance vanishes. At lower temperatures thare presented in Table I.
phonons sharpen and the sample becomes more transparentNote that we were able to fit the 339 crhvibration with
between them as well as below the 138 chmode, where a single Lorentzian oscillator at higher temperatures; how-
the low-frequency transmittance of this insulating sample isever, the 10 K, 100 K, and 200 K line shapes require the use
relatively high, up to 50—60 %. The additional modulation of of two oscillators. We attribute the splitting of the bond
the spectra in regions of weak absorption is due to fringes.angle modulation mode to a tiny distortion in the Cu-O
The upper panel of Fig. 5 shows the real part of the opti-planes below the N temperature. Reports on crossover ef-
cal conductivity o;(w) and the lower panel the Im fects in the material demonstrate a smé¥ anisotropy:®-2
[—1/e(w)], both from Kramers-Kronig analysis of the which might be related to a deviation from tetragonal sym-
single-bounce reflectance. The peaksrif{w) give the TO  metry. That this distortion affects only the bending mode
phonon frequencies while those in Im1/e(w)] give the  would explain why it has not been seen in neutron measure-
LO-phonon frequencies. ments ofJ.
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TABLE I. Phonon parameters from a Lorentzian fit to the FIR conductigrigflectivity), E|a.

T=10K T=100 K T=200 K T=300 K T=360 K
wpy (cm™1) 124 126 129 126 135.5
w1 em™ 140 140 139 138 137.5
y1 (em™) 2.5 2.8 3.4 4.5 5.5
wpy (em™?) 240 268.5 273 267 263
w7y (cm™h) 175 175 174 173 171.5
v, (em™1) 2.5 2 3 45 5
wp3 (cm™Y) 320 326 270
w73 (cm™1) 3335 334 3335
vs (em™1) 27.5 28 44
wpg (€M™Y) 230 270 335 422 441
w14 cm™ 343 343 341 339.5 336
v4 (em™) 9.5 11 16.5 27 355
wps (cm™?) 365 375 365 410 330
w7s (cm™Y) 525 524 518 512 507
¥s (em™1) 14 18 29 33 38
€x 3.8 3.8 3.8 3.8 3.8
The temperature dependence of phonon frequencies is C. Far-infrared absorption

relatively modest. The lowest-lying branch shows no tem- |, Fig. 7 we report the conductivity function below the
perature dependence. All other modes show a softening wityyest main phonon vibration, calculated fromi(w) and
increasing temperatures by up to 3% over the temperaturg~ ). The temperature dependence is mainly due to the
range, with the biggest shift for the 512 crhvibration. The  changes in the transmittance. Over much of the range, the
analysis of the eigenfrequencies of the LO-phonon modessonductivity decreases at lower temperatures. At 110 tm
estimated from the maximum position of the loss function(13 me\) a small gap opens at lower temperatures. The en-
shown in Fig. 5, reveals a similar behavior. Whereas theergy is too high for an assignment as a zone-center spin wave
lower phonon modes shift within 4 cnt between 10 K and gap, which can be optically allowed by anisotropy effects,
360 K, the Cu-O stretching mode shifts about 15cnto  and is reported in L&uQ, at ~1.5 meV and~2.5 meV,
lower frequency with increasing temperature. respectively?>2®

Most of the temperature dependence can be attributed to
thermal expansion. Neutron diffraction measurements show
an increase of tha axis with increasing temperaturé&sin ] ] ) ]
Fig. 6 we plot both the TO-phonon frequencisslid lineg In this section we discuss features between the highest
and the LO-phonon frequenciddashed lingsof all four ~ Main phonon mode and the charge-transfer gap. In this range

modes as a function of the lattice parametginterpolating e reflectance isl flaFig. 1) an(rj] hardly affected byhchangehs
the a(T) from Miller etall” to find the corresponding " [€mperature. In contrast the transmittance shows sharp

T(a). The upper scale shows the temperature dependence.flfr;"uatures with a definite temperature dep_endence. As men-
:fioned above these features in the transmittance spectrum are

the case of the bgnding LO-phonon mode the TO splitting Hoverned by the absorption indéx For 300 K in the range
neglected. The figure shows the strongest effect is that th ~tween 1000 and 8000 ¢ we have 103 < k < 10-L
Cu-O stretching mode increases in eigenfrequency with theyq ing1e hounce reflectivity numerically calculated from
shortening of the lattice constaat Having no change in the () and .7(w) gives us a nearly flat refractive index
atomic mass of the mode this means that the Cu-O forcg._1 9 gg the assumptiam>k is a reasonable approxima-
constant is increased by tleeaxis contraction. This effect on and an almost temperature-independentan be as-
was observed by Herwt al!? investigating the phonon fre- sumed. Figure 8 shows, () obtained from the analysis of
quencies of single-layer cuprates in thephase with differ- () and.7{w) described above. As the temperature is
ent rare-earth substitutions. Tajlm a|.9 discussed the reduced, the structure at 2800 Cﬁ]sharpens and the low-
Cu-O stretching and bending TO modes for various singlefrequency tail of the band edge, where there is a steep in-
layer materials. They also found that the Cu-O stretchingrease ino;(w), shifts to higher frequencies. Note that the
(bond distance modulatipormode is strongly dependent on overall conductivity in this region is about two to four orders
the lattice constant, whereas the bendingoond angle of magnitude lower than it is either in the phonon region or
modulation) mode is nearly independent af above the charge-transfer gégee the lower panel of Fig).1

D. Midinfrared states in the gap
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Photon Energy (eV)
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> . N 1 0.1 | Frequency (em™")
8 x = % H— N 1 | | ! ) 1
O - 4 0 2000 4000 6000 81000 10000 12000
3 . Frequenc cm”
o 300 - TO / LO phonons 7 requency (em™)
- I A Wos ] . PR . .
Lo * ©oxr Goa 1 FIG. 8. Optical conductivity functiomr;(w) at frequencies be-
o oz 1 tween the highest main phonon frequency and the charge-transfer
200 |- O- - |- ——T2g = Y _ B-—-g 4 gap for various temperatures. The inset shows the 300 K spectrum
| for two different samples.
E; = = o — 0
A= — — — A - — — — — _ _ . .
S —=8- 8 8 tural compound LgCuQ,, in which these modes are known
B N O up to 700 cm 1,24 justifies the assumption of a multiphonon
3.960 3.965 3.970 3.975 region up to 1200 cm.
a(R) The structure around 650 crhclearly splits in two fea-

tures at lower temperatures. The other features at 1000, 1430,
and 1600 cm?® show no distinct temperature dependence.
cies (dashed lingsare plotted as a function of the lattice constant TrF:e 143(.) art1d 1%?2 e strucl:tu:es ShO\IN (_:O(rjl_SIdterable

a. The upper scale shows the corresponding temperatures. The npranges in strength from sample 1o sampl€, indicating per-

tation identifies the phonon modes and is the same as in Table I.halps that this absorptlop IS not Intrinsic to ,the material.
Around 1350 and 1800 cit are strong absorption bands of
] . o water. As long as the 1430 and 1600 chifeatures vary so
The high-energy wing of the 512 cnt vibration shows sev-  mych from sample to sample and the chlorine in the material
eral satellites, at eigenfrequencies which are in a regiofgvors a contamination, these two structures might be a sur-
where a finite two-phonon density of states can be expectegace effect. The same is true of the feature at 3500 &m
Thus they can be assigned as multiphonon processes. Up hich also is characteristic of §#D. The inset in Fig. 8
now there are no data on thg,, A,,, Eg, andB,, modes  shows spectra for two different samples. From sample to
in Sr,CuO,Cl, available, so that a calculation of multiphonon sample we can see changes, which imply that this structure is
frequencies is not possible. A comparison with the isostrucalso not intrinsic. In addition, there is nearly no temperature
dependence of the eigenfrequency and linewidth of this fea-
ture.
Photon Energy (meV) l\_/lgre interesting are the absorption peaks above 2000
0 3 6 9 12 15 18 cm™ =, which appear to be intrinsic features in insulating
100 ' ‘ ' ‘ ‘ "] cuprates. These features were first observed by
Sr,Cu0,Cl, ; Perkinset al*®in Sr,CuO,Cl,, Nd,CuO,, Pr,CuO,, and
o A La,CuQ,. They also appear in YB#&u;Og and
10 — — 200K i\a PrBa,Cu;0;.1° Similar results are also reported in the cupric
p— 2 oxide (CuO) semiconductdf and in LaNiO,.'® Figure 9
F shows a comparison of the optical conductivity ) at two
temperatures with the room-temperature Raman spectrum of
Tokuraet al” The Raman data have been scaled to get an
overlapping plot. The two spectra agree within 10 ¢hrin
energy of their maxima; the Raman spectrum is somewhat
broader than the main infrared peak but does not show the
ootk sidebands at higher energies.
0 20 40 60 80 100 120 140 It is believed that this absorption is related to the antifer-
Frequency (cm™) romagnetism in these materials. The energy of the first,
sharpest peak corresponds closely to the two-magnon energy
FIG. 7. Temperature dependence of the conductivifyw) in  as seen in the Raman measureménts>°The two-magnon
the far infrared. energy is~2.7J, reduced from the simpleJB3expectedbe-

FIG. 6. The TO-phonorgsolid lineg and LO-phonon frequen-

0.1 F

Conductivity (@ 'em™)
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Raman intensity is scaled to get an overlying plot. > 300rF -7 7
1000 - N e AP B
. - : . 0 100
cause six bonds are broken by flipping two neighboring Tz(o}f) 00 400
sping on account of a strong magnon-magnon o , | , [ , |
interaction®'*2 However, the interpretation of the structure 0 100 200 200 400
in the infrared spectra is complicated by several factors. T (K)

First, unlike Raman scattering, the direct two-magnon ab-
sorption is not infrared allowed in a tetragonal structure.
Some sort of symmetry-breaking process is required to acti- FIG. 10. Eigenfregencies of the 2800, 4000, and 6400 tm
vate the optical absorption. Several such processes have beEftures versus temperature. The inset shows the linewidth of the
proposed, including disordé?, sidebands of direct absorp- 2800 cm - structure as a function of temperature. The full star
tion processegsuch as a-d exciton),13 the involvement of shows the results for the fit to the Raman line at 300 K.
an optical phonoR’ and the orthorhombic distortion plus
spin-orbit Coup|ing1_5 Thus, the infrared response is quite initial position at the lowest temperature. The 4000 ¢m
different from the Raman scattering; in the latter the strucfeature has a nonmonotonic shift to lower frequency with
ture around 3000 cm! in a variety of cupraté§?®’can be  increasing temperature. However, the 6400 “drfeature
attributed to two-magnon scattering. The exact mechanisrflearly shows a redshift with increasing temperature. The
responsible for the infrared feature is unclear at the preserfirongest effect in linewidth can be seen for the 2800 tm
time. Probably disorder can be ruled out because the oscilltructure. The line broadens for temperatures higher than the
tor strength of the absorption is remarkably similar for aNeel temperature. There is a change by a factor~of3
variety of materials with rather different numbers of defects.between 200 K and 300 K. The other two peaks at higher
Also, the close agreement between the energy of the infrared
feature and the two-magnon Raman scattering may be evi-
dence against processes that require an exciton to be created.
Finally, the sidebands on the infrared spectrum are separated
by approximately 1000 and 3000 crh from the main peak.
These amounts correspond teJ and ~3J, respectively,
again suggesting a magnetic origin for these features.

To provide more detail of these features we present the
temperature dependence of the structures at 2800, 4000, and

Photon Energy (eV)
1.8

1.0 1.4
0.25 T

Reflectance

6400 cmi 1. A fit to all peaks in the gap by a sum of Lorent- / Sr,Cu0,Cl,
zian oscillators cannot be performed in a satisfying way. otoF . - 70K h
Therefore we fitted each structure with a bro@trongly T 200k
dampedl oscillator simulating the background and a second 0.05 - T 300k, Riw) ]

oscillator describing the line shape. We also fitted the Raman
structure in the same way. Figure 10 shows the eigenfre-
guencies of the different peaks. The inset shows the line-
width of the 2800 cm'* structure as a function of tempera-
ture. The full stars are the result for the Raman peak. The
errors in the values are less than 10%.

0.00
8000

12000
Frequency (ecm™")

16000

_ _ . o FIG. 11. Reflectance”Z(w) versus frequency in the region of
The 2800 cm! line shows a little redshift with increas- the charge-transfer gap for different temperatures. The single-
ing temperature, but moves from 300 K to 350 K back to thebounce reflectancBy(w) at 300 K is also shown.
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Photon Energy (eV)

1.5 2.0
T T T T T T T T
1000 SI’ZCUOZC|2 e &
: 100 K :
i . 200K
I ___ .- 300K
£ Vs FIG. 12. Optical conductivityo;(w) versus
o 100 = . .
T E E frequency in the region of the charge-transfer gap
& 1600 ——r—rr ] for selected temperatures. The lower-frequency
- — F result is obtained fronv2(w) and.7(w). Above
:’g ol 'g I | 12000 cni'! we used the results of Kramers-
= : = 800 E Kronig analysis. The inset shows,(w) in the
g : L measured high-frequency region for two tempera-
° 8 tures 70 K and 300 K, respectively.
5 L
O 1 0= s -
12000 17000 22000 27000 1
Frequency (cm™) 1
L L L 1 L s L 1 L s L 1 ) . .
10000 12000 14000 16000 18000

Frequency (cm™")

frequencies have nearly one order of magnitude broader linesalculate this steep rise it is necessary to combine transmis-
width. So the estimation of the eigenfrequency of thesesion .7(w) below the gap and reflectance measurements
peaks is much more difficult. They reveal no significant be-7(w) above the gap. Figure 11 shows the temperature de-
havior compatible to the 2800 cnt feature. pendence of2(w) around the charge-transfer peak. The
A comparison of the IR and Raman structure around 2800nain effect is that the peak sharpens and moves to higher
cm™* shows that the Raman peak is slightly shifted to highefenergies at lower temperatures. A similar, but stronger effect
energieg10 cm™ 1), but 2 times broader, due to the different is reported by Falclet al33in the LaCu0O, and Yoonet al*
mechanism, although being clearly related to each othef, Ng,cuo,. We merged the reflectance data from above the

Low-temperature Raman data of the isostructural materi ; ; :
ap with the extracted single-bounce reflectaisee Fig. 1
La,CuQ, show that the linewidth from the full width at halfag P d agee Fig. 11

. : elow the gap and calculated the optical properties b
maximum is expected to sharpen only about 30% compare W gap . Py propert y

to room temperatur In the IR data of SICUO,Cly, this ramers-Kronig analysis. Figure 12 shows the conductivity
effect is much strongér where it changes about 820% o,(w) at three selected temperatures. The lower part, where

o(w)< 10 O ltcm™?, is the result of the transmittance
measurementssee Fig. 8 the upper part, where;(w)>
10 O tem™, is the result of the Kramers-Kronig calcula-

In Fig. 1 (lowest panelwe can see that the conductivity tion. We have cut off the spectra where either the transmit-
o,(w) increases steeply, from 0.8 to 80D ' cm™!, at the tance vanished or the single-bounce reflectance calculated
charge-transfer gap, which occurs around 11 000 tnTo  from .%2(w) and.7{w) was merged in. The procedure shows

E. Charge-transfer gap

Photon Energy (eV)

10000 . :
[ ///,//,{//f/ “1
1000  Sr2Cu0,Cly T i
: 35 K //:/ E ) )
. T 0k 7 ] FIG. 13. a?(w) versus frequency showing the
100 b —___ 100K s /J// ] steep increase at the band edge. The interruption
N 588 E 4 E is due to the change of the method of data extrac-

1 tion. The inset shows the strong change of
5 a?(w) in the low-frequency tail(circle 35 K,

] square 100 K, triangle 200 K, diamond 300 K,
and star 350 K. The solid lines show a fit
az(w)ocw—wg to estimate the temperature de-
pendence of the lower-lying absorption band.

a? (x10°% cm™?)

0.0 S

10000 11000 12000
Frequency (cm™")
| '

n |
10000 11000 12000 13000 14000
Frequency (cm™')
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a good coincidence. The missing parts could only be inserted T (K)
to the curves if a measurement on a sample thinner th&n 0 100 200 300 400
um could be performed. The inset shows the temperature 149 S ! —
dependence on an extended scale up to 27 000'crithe @ @
charge-transfer peak sharpens and its maximum moves to 1401 o 7
higher energy on cooling from 300 K to 70 K.

A general approach to analyze the fundamental absorption
edge is the power-law behavior af w) in the vicinity of the
band edge. Because the insulating cuprates are strongly cor-
related systems, the quantum numigeis not good and an
assumption of a direct gap is reasonable. For a direct transi- 1.25 . I i . !
tion the formaz(w)ocw—a)g generally holds. Therefore we
plotted in Fig. 13 the square of the absorption index, i.e.
a?(w), for different temperatures. Note the logarithmic ab- 14517~ 7

1.35 o -

wg(T) (eV)
asal

130 Sr,Cu0,Cl,

scissa. Again, the interruption is due to the change in the data 3 a e

extraction method. In the low-frequency region we clearly : 1.40 \\& i
see a step indicating the start of strong absorption. The 35 K g, N

and 100 K data show that the steep increase moves into a 3 RS

plateau. So a straight connection between the two sets of 1351 E\n T
curves cannot be done. We interpret this behavior as due to S

an additional absorption process in the low-frequency tail of 1.30 ! ! RN

the absorption edge. For example, a similar behavior can be 3960 3.965 3.970 3.975 3.980

found in semiconductors due to impurity absorptiéiHow- a (B)

ever, there are reports from Raman and absorption data of
features just below the charge-transfer gap, indicating that FIG. 14. Temperature dependencedf in the low-frequency
they might be due to either intra-atomic excitations of Cu,tail of the band edgéupper panel The open circles show the data
such agd-d transitions, or interatomic excitations of Cu and ©btained from the changes (). The lower panel showsy
O, such agl-p charge transfet>!3 We fitted a linear curve Versus the lattice constaat
af(w)=A[w— wy(T)] with constantA=4000 cm * to de-
scribe the steep increase and its change in temperature. The
fitis shown on a linear scale in the inset of Fig. 13. At higher  We reported reflectance and transmittance measurements
temperatures the step &f(w) is washed out, probably due of single-crystal SICUO,Cl, between the far-infrared and the
to thermal fluctuations, which increase also the uncertainty iniitraviolet. The most interesting result is the midgap absorp-
the estimate of the fit parameters. We can see from our fifion seen in the 2000—6000 cm range, which probably is
that this describes only the low-lying absorption band in themagnetic in origin. From the phonon measurements we can
tail. The Kramers-Kronig result shows that the charge-see a splitting of the Cu-O bending mode at temperatures
transfer energy also increases at lower temperatures, but gglow 200 K. The Cu-O stretching mode shifts to higher
long we do not have the exact curvature @fw) in the  frequencies at lower temperatures, indicating an increased
whole range between 10 000 and 14 000 cmve cannot do  force constant bya-axis contraction. Both reflectance and
a quantitative estimation of the charge-transfer gap energyansmittance reveal a sharp increase of the conductivity at
itself. the charge-transfer gap by four orders of magnitude. There is
The result forwy(T), from the weak absorption data, is also an additional absorption process in the low-frequency
shown in Fig. 14upper panel, open circlesThe figure also  tail of the fundamental absorption edge, which has a tem-

shows this energy as a function of the lattice const@nt perature dependence mainly due to dilatation effects of the
(lower panel. As described above, we used again the tem{attice.

perature dependenc&T) given by Miller et al1” and esti-
mated for eachwy(T) the T(a). Above 100 K the energy
clearly depends linearly on the change of the lattice param-
eter, suggesting, that the temperature dependence of the tail The research was supported by NSF Grant No. DMR—
absorption is mainly due to dilatation of the lattice. 9403894.

IV. SUMMARY

ACKNOWLEDGMENT

1s. Uchida, T. Ido, H. Takagi, T. Arima, Y. Tokura, and S. Tajima,  Lohneysen, N. Ncker, A. Erb, and G. Miler-Vogt, Physica C
Phys. Rev. B43, 7942(199). 212, 365(1993.

2s.L. Cooper, D. Reznik, A. Kotz, M.A. Karlow, R. Liu, M.V. 4Y -D. Yoon, D.B. Tanner, B.H. O, and J. Markertnpublishegl
Klein, W.C. Lee, J. Giapintzakis and D.M. Ginsberg, B.W. Veal, °G.A. Thomas, D.H. Rapkine, S.L. Cooper, S.-W. Cheong, L.F.
and A.P. Paulikas, Phys. Rev.4, 7942(1993. Schneemeyer, and J.V. Waszczak, Phys. Rev4® 7942

3A. Zibold, K. Widder, H.P. Geserich, G. Buahle, H. Claus, H.v. (1992.



53 OPTICAL PROPERTIES OF SINGLE-CRYSTAL SEuO,Cl, 11743

Y. Tokura, H. Takagi, T. Arima, S. Koshihara, T. Ido, S. Ishiba- L.L. Miller, M. Corti, D.C. Johnston, and D.R. Torgeson, Phys.

shi, and S. Uchida, Physica 162-164 1231(1989. Rev. Lett.75, 2212(1995.

Y. Tokura, S. Koshihara, T. Arima, H. Takagi, S. Ishibashi, T. 22M. Greven, R.J. Birgeneau, Y. Endoh, M.A. Kastner, B. Keimer,
Ido, and S. Uchida, Phys. Rev. 4, 11657(1990. M. Matsuda, G. Shirane, and T.R. Thursten, Phys. Rev. Z2&it.

8s. Tajima, S. Uchida, S. Ishibashi, T. Ido, H. Takagi, T. Arima, 1096 (1994.

. and Y. Tokura, Physica @6§ 117(1990. _ 21H.Q. Ding, Phys. Rev. Let68, 1927(1992.

S. Tajima, T. Ido, S. Ishibashi, T. Itoh, H. Eisaki, Y. Mizuo, T. 22 g Bel|, Infrared Phys6, 57-74 (1966; E.E. Russell, Ph.D.
,(Alrggg, H. Takagi, and S. Uchida, Phys. Rev. 48, 10496 thesis, The Ohio State University, 1966.

M. Tinkham, inFar-infrared Properties of Solidsedited by S.S.
Mitra and S. NudelmariPlenum, New York, 1970 p. 223.
Soc. Am. B6, 475 (1989 J. Opt. §4For a rev.iew, see R. ngle, Physical®9, 1 (1989. .
T, Ar.ima, .K. kikuchi, M. kasuya, S. Koshihara, Y. Tokura, T. SRF';L' Co;ms,é.?Sch:lLe?s;Tgse; M.W. Shafer, and T.R. McGuire,
ys. Rev. B37, .

Ido, and S. Uchida, Phys. Rev. 8}, 917 (199]). 26C 3 Ppeters. R.J. Bi M.A. Kast H. Yoshi Y E
125 L. Herr, K. Kamaras, D.B. Tanner, S.-W. Cheong, G.R. Stew- eters, R.J. birgéneau, M.A. Kastner, H. Yoshizawa, ¥. En-
doh, J. Tranquada, G. Shirane, Y. Hidaka, M. Oda, M. Suzuki,

art, and Z. Fisk, Phys. Rev. B3, 7847(199)). ’
133.D. Perkins, J.M. Graybeal, M.A. Kastner, R.J. Birgeneau, J.P and T. Murakami, Phys. Rev. B7, 9761(1988.

105, Tajima, H. Ishii, T. Nakahashi, S. Uchida, M. Seki, S. Suga, Y.
Hidaka, M. Suzuki, T. Murakami, K. Oka, and H. Unoki,

Falck, and M. Greven, Phys. Rev. Lettl, 1621 (1993 273, Lorenzana and G.A. Sawatzky, Phys. Rev. L&g 1621
YE. Marabelli and G.B. Parravicini, Physica B9 & 200, 255 (1995.

(1994 28K B. Lyons, P.A. Fleury, J.P. Remeika, A.S. Cooper, and T.J.
M. Grininger, J. Mumzel, A. Gaymann, A. Zibold, and H.P. Negran, Phys. Rev. B7, 2353(1988.

Geserich(unpublished 29K B. Lyons, P.A. Fleury, L.F. Schneemeyer, and J.V. Waszczak,

163.D. Perkins, D.S. Kleinberg, M.A. Kastner, R.J. Birgeneau, Y. Phys. Rev. Lett60, 732(1988.
Endoh, K. Yamada, and S. Hosoya, Phys. Rev6B R9863  °°S. Sugai, Solid State Communs, 795 (1990.
(1995. 31R.J. Elliott and M.F. Thorpe, J. Phys. Z; 1630(1969.
17L.L. Miller, X.L. Wang, S.X. Wang, C. Stassis, D.C. Johnston, J. 32J.B. Parkinson, J. Phys. Z, 2012(1969.
Faber, Jr., and C.-K. Loong, Phys. Rev4B, 1921(1990. 333.P. Falck, A. Levy, M.A. Kastner, and R.J. Birgeneau, Phys.
18D vaknin, S.K. Sinha, C. Stassis, L.L. Miller, and D.C. Johnston,  Rev. Lett.69, 1109(1992.
Phys. Rev. B41, 1926(1990. 34E.J. Johnson and H.Y. Fan, Phys. R289, 1991 (1965.
19F. Borsa, M. Corti, T. Goto, A. Rigamonti, D.C. Johnston, and *°R. Liu, D. Salamon, M.V. Klein, S.L. Cooper, W.C. Lee, S.-W.
F.C. Chou, Phys. Rev. B5, 5756 (1992; B.J. Suh, F. Borsa, Cheong, and D.M. Ginsberg, Phys. Rev. L&tt, 3709(1993.



