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Infrared vibrations in LaSrGaO , and LaSrAlO,
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We have studied the-axis and the in-plane infrared response of the anisotropic crystals of Lagr@aO
LaSrAlO,. We identify both transverse and longitudinal phonons. The lattice bands show pronounced features
of mode coupling, which we attribute to the random distribution of La and Sr atoms in the lattice. We present
a scheme to identify and quantify the coupling that induces the asymmetric line shapes. We use the results to
discuss infrared-active vibrations of other compounds, includingCL&.

. INTRODUCTION gated one sample of LaSrpGa, ,{0, alloy with thec axis
perpendicular to the sample surface. Its smaller dimensions

The insulating crystals of lanthanum strontium gallate,(5x5x0.5 mn?) did not allow us to measure its optical re-
LaSrGaQ (LSGO) and aluminate, LaSrAlQ (LSAO) are  sponse for electric fields along tleeaxis. The lattice param-
interesting materials from several points of view. They haveeters of the three materials are listed in Table I.
the same tetragonal structure as the simplest “single-layer” The optical measurements were performed with two
high-T, superconductor La ,SrCuQ,, the so-calledT  home-built ellipsometers, one attached to a Bruker T£3v,
structure® Their vibrational properties are closely related tothe other to a Bruker IFS%% Fourier-transform spectrom-
those of the high-temperature tetragonal phase of the insulagter, covering far{50-700 cm?) and mid-infrared ranges
ing parent compound of this superconductor,CaQ,, simi-  (400-2000 cm?), respectively. In the far-infrared setup, the
larly as for the isostructural compound INiO,.? Since  samples were mounted in a continuous helium flow cryostat
there are still ambiguities in assigning zone-center phonong which the temperature could be varied between 10 and
in La,_,Sr,Cu0,,® the results for LSGO and LSAO allow a 300 K. The low-temperature data display sharper phonon
better understanding of the topic. Due to a fairly good latticebands which are helpful in identifying weaker modes. The
matching to a variety of superconducting cuprates, and lovangle of incidence was either 75 or 80°. The mid-infrared
dielectric losses in far-infrared and microwave ranges, LSAQjata were taken at room temperature, with the angle of inci-
and LSGO are attractive as substrates for growing epitaxialence ranging from 30 to 80 °.
films.*® Recently, results of Raman and infrared studies were The ellipsometric measurements have been performed for
reported for LSAO(Ref. 6 and infrared reflectance studies all three high-symmetry orientations of the optical axis with
were performed for both LSGO and LSAQn both com-
pounds the & and L&" ions are distributed randomly
over the sites ofC,, symmetry in the lattice of the JNiF,
structuré which is shown schematically in Fig. 1. This situ-

ation should favor possible coupling of vibrational eigen- 5 o(1)
modes.
In the present paper, we use the technique of ellipsometry 0O(2)
to investigate the infrared vibrations of LSGO and LSAO.
We aim mainly at the extraction of transverse and longitudi- S
r, La

nal phonon parameters, and at the identification of mode
coupling. We also discuss the zone-center phonon frequen-
cies of several-structure compounds obtained from infrared
and neutron-scattering studies.

Il. EXPERIMENT AND DATA EVALUATION
High-purity LSGO and LSAO single crystals were grown

by the Czochralski method, as described in detail in Refs. 9 .
and 10. The crystals were cut in rectangular pieces of about
7X7x1 mn? with the ¢ axis either in the sample surface or

perpendicular to it. After polishing large faces to optical

quality, the samples were found to be transparent in the vis- F|G. 1. Polyhedral representation of the structure of LaSiGaO
ible, though lightly yellow colored. A very weak visible ab- and LaSrAIQ crystals. Ga or Al are located at the centers of oxy-
sorption responsible for the color starts at the photon energyen octahedra. Sr and La are shown as the large spheres; they are
of about 2.5 e\E! it is known to be due to point oxygen distributed randomly in the planes close to those of apex oxygen
defects(vacancies and interstitials® We have also investi- 0O(2).
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TABLE I. Lattice constantsd, b, andc) and volume of the unit  pendicular to the plane of inciden¢ehe optical axis was

cell (V) of LaSrGaQ, LaSrAlQ,, and their alloy. oriented either parallel or perpendicular to the plane of inci-
dence. At these orientations, the probed response is that of
a=b(m c(m) V(nn®) Ref.  the extraordinary ¢-axis or ordinary (in-plane beams, re-
LaSrGaQ 0.3843 12681 0.18728 25 spectively, influenced by the oblique incidence of the light

wave. The angles of incidence ranged from 10‘hear-
normal incidence) to 60 °. The reference signals were taken
from a gold mirror and a thick slice of undoped silicon with
a rough back side. We assumed 100% reflectivity for gold.
tel Ne s- and p-polarized reflectivities computed from its re-

them by using for the crystallographic axes the symixgls fractive index® have been employeq in the case of the_ sili-
X,, andx,, ordered in a single symbok{x,-xs). Here, the con reference. We used a pair of wire-grid polarizers aligned

first letter in brackets means the direction of intersection of" fandem to avoid polarization leakage. The reflectance data

the sample surface with the plane of incidence, the secon®re generally in very good agreement with the richer infor-
the direction within the sample surface perpendicular to thdnation obtained from the ellipsometric measurements.
plane of incidence, and the thikdeparated by the dasthe

direction perpendicular to the sample surface. Thus, with Il. RESULTS AND DISCUSSION

X1=X,=a, X3=c for our uniaxial crystals, the measured ori-

entations of thec axis are:(i) perpendicular to the surface, = We show in Fig. 2 the ellipsometric data of LSGO ob-
(aa-c); (i) in the surface and in the plane of incidence,tained at low temperature for the high-symmetry orienta-
(ca-a); (iii) in the surface and perpendicular to the plane oftions. The spectra display characteristic patterns for the high-
incidence, &c-a). With only a single angle of incidence reflectivity bands (“reststrahlen_ bands)’ between the
being measured for each orientation, the data consist of thredrongest TO and LO modes, with pronounced features due
pairs of real values of the ellipsometric anglgsgndA) for o additional weaker TO-LO pairs. We also show in Fig. 2
any wave number. The raw ellipsometric data are convelthe€ mode frequencies obtained from the analysis given be-
niently represented by tafand cos\ in our measurements low. The situation is fairly simple for photon energies below

LaSrAIO, 0.37564  1.26357 0.17829 8
LaSrGa,Alg0,  0.3772 1.266 018013 26

respect to the plane of incidence of the light. We deno

without a retarder: about 500 cm* where the magnitudes of botkaxis and
in-plane dielectric functions are large. In this case, the data
tang(cosA +i sinA)=r,/rs, (1)  are similar to the results that would be obtained for an iso-

tropic material having the response of the actually measured

where r, and rg amplitude reflectivities forp- and sample along the intersection of its surface and plane of
s-polarized light. For the high-symmetry orientations,and incidence}’ i.e., that of thec axis for (ca-a), and in plane
r are related to principal components of the dielectric tensofor the two remaining orientations. This approximate solu-
of the sample by simple Fresnel formufdaVe have used at tion can be understood as follow§) the light propagates
least three measured pairs of (iaTosA) to determine the nearly normally to the surface inside the sample in spite of
four unknown parameters of our samples, i.e., the pair othe oblique incidencsji) the ratior ,/r is insensitive to the
complex dielectric functions, ande, of the ordinary and response perpendicular to the plane of incidence, i.e., to the
extraordinary response, respectively. The problem becomespolarized reflectivity, as long ag~ = 1; this condition is
even more overdetermined for the measurements at multipletlfilled for highly polarizable materials at large angles of
angles of incidence which we have used to check the consigacidence. Note that thea@-c) and @c-a) spectra in Fig. 2
tency of the results. A nonlinear fitting procedtirbas been  differ for lower wave numbers mainly due to the different
employed for the point-by-point extraction of the dielectric angles of incidence, 75 and 80 °, respectively.
functions over the measured spectral range. The results ob- However, this simple situation changes for higher wave
tained at different spectral points are independent of eachumbers(above~500 cm ! for LSGO), where the magni-
other, in spite of the fact that we use the output at the formetude of ¢ becomes small. Since the corresponding magni-
spectral points as the initial estimate for the next. In fact, théudes of 1¢ are large, this is the range of the strongly polar
fitting either converges to an acceptable solution, or itLO modes. The ellipsometric ratig,/r is then dependent
branches out to an unphysical solution which is easily recon both, the in-plane optical constants and those along the
ognized and discardéd.In order to decrease the probability axis. In particular, the magnitude of can approach zero in
of slipping into unphysical solutions in ranges of very sharpa wave-number range where the refractive index for
spectral structures, we have used an extrapolation schensepolarized light approaches unity.e., the optical contrast
based on several already computed values. Either the corbetween the sample and ambient vanish#s at the same
plex dielectric functions or its inverse 1¢, whichever was time, the refractive index in the other direction differs from
smaller and smoother, were extrapolated. Let us reemphasizaity, tanzp=|rp/r5| becomes large. We can therefore ob-
the main advantage of the ellipsometric technique for theserve spikes or bands i with tany well above 1, such as
present study: the spectral dependence of the complex rehown in Fig. 2, which is impossible for an isotropic sample.
sponse functions is obtained on the point-by-point basi§he numerical inversion of the ellipsometric equations still
throughout the covered spectral range. provides the correct response functions. However, the use of

We have also measured the mid-infrared reflectivity of thefairly low angles of incidencéwell below 45 °) is required
samples that have the optical axis in the surface. Usingn the range of strong LO vibrations in order to optimize
s-polarized light(i.e., the electric field of the light wave per- sensitivity*®
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FIG. 2. Low-temperature ellipsometric spectra of LaSr@a@asured with an angle of incidence of either 75 or 80° for the three
high-symmetry orientations. Pai): (aa-c), 75°, solid lines; &c-a), 80 °, dashed lines. Pa(tb): (ca-a), 80 °. Long vertical lines show
the positions of TQ(solid) and LO (dotg modes for the electric field paralleRg,) and perpendicularg,) to thec axis. Long horizontal
lines just span the range between the lowest TO and highest LO vibrations for the in-plan@xadolarizations.

A. Infrared spectra of LaSrGaO, and LaSrAIO, were not able to remove it completely from the ellipsometric

We have displayed in Figs. 3—6 the room-temperatur@nd _reflectan_ce spectra in spite of the attention paid to the
dielectric functions and their inverses, obtained from our elP0ssible nonideality of samples and measurement proce-
lipsometric data. Three and four bands can easily be identdures. Simulated spectra confirm the high sensitivity of ob-
fied for the polarization along the axis (vibrations ofA,,  servedc-axis line shapes to the misalignment in the presence
symmetry and perpendicular to itH,), respectively, as re- ©Of sharp and strong in-plane LO modes; on the other hand,
quired by the symmetry of the4/mmm structure!® Slight  this influence is restricted to specific narrow spectral ranges.
signatures of extra structures are seen incttaxis response We have therefore omitted the spectral intervals of spurious
of Figs. 3 and 4 at-500 cm ! in LSGO and at-580 cmi ! structures from the analysis that follows.
in LSAO. They are very probably spurious, resulting from a Some of the observed bands are fairly broad, such as the
cross talk of the in-plane direction with sharp and strong LOstrongestA,, TO and LO modes of LSGO at 254 and 597
modes around these frequencies. Related spectral structures . In general, the spectral features of LSGO are broader
were apparently also observed in the reflectivity studies othan the corresponding bands of LSAO which occur at
Ref. 7, although they were interpreted as genuine phonohigher frequencies. Another remarkable feature is a pro-
modes. We show in Fig. 7 a comparison of our measureséounced asymmetry of several bands. It can be seen, e.g., as
reflectance at 10° off normal incidence, usisgolarized the steeper rise and flatter fall of the imaginary part dér
light in (ac-a) configuration, with the data produced after the 568 cm?! band of LSAO in Fig. 3, when going from
parametrization of Ref. 7 using Fresnel equations. Both speamaller to higher wave numbers. This is consistent with the
tra agree quite well in the position of the minimum near 560observed sharper maximum and flatter minimum of the cor-
cm™ ! which is related to the TO-LO mode pair at 568 andresponding structure in the real part, as required by the
555 cm 1, polarized along the axis. However, the spectral Kramers-Kronig relations. The opposite type of asymmetry
structure at 580 ¢t is much weaker in our directly mea- occurs for the 326 and 445 chiE, modes of LSGO and
sured reflectivity. In our opinion, this is due to the strongLSAOQO, respectively, as seen in Fig. 5. This behavior suggests
in-plane LO mode(see Fig. 6 because of imperfect align- pronounced mode coupling, expected because of the random
ment and/or sample miscut, and/or polarization leakage. Weccupation of lattice sites by Sr and La ions, which leads to
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FIG. 3. The realdashed linesand imaginary(solid line9 parts
of the c component of the dielectric tensor of LaSrGa@pper
pane) and LaSrAIQ (lower panel crystals. The thick lines repre-
sent best fits with modified Lorentziafigccounting for mode cou-
pling) in restricted spectral ranges.

FIG. 4. The realdashed linesand imaginary(solid lineg parts
of thec component of the negative inverse of the dielectric tensor of
LaSrGaQ (upper pangland LaSrAlQ (lower panel crystals. The
weak structure corresponding to the 140-¢mLO mode of
LaSrGaQ is shown with expanded scales in the inset.

the loss of ideal crystal symmetry. The resulting nonconser- K 02—
vation of wave vectok contributes essentially one-phonon  s(w)=¢g1(w)+icy(w)=¢e,+ 2 Sj#.
channels for the decay of excited modes in addition to the =1 Qf- e il
multiphonon processes. 2
A classical phenomenological model of two coupled 0s-wjith all of its parameters being real, E(R) satisfies the
cillators has been used by Barker and Hopfield to explaiftequirement of obtaining its complex conjugate upon chang-
asymmetry and interaction damping of optical phonons obing the sign ofw. The background terma.. accounts for the
served in several perovskite materi#lsOur case is more higher-lying electronic excitations. The phenomenological
complex due to the larger number of infrared-active vibra-damping parameterE;>0 represent finite lifetimes of the
tional modes. We proceed to introduce the phenomenologiexcited eigenmodes; they are determined by the energy- and
cal scheme used here, and discuss its link with the model giseudomomentum-conserving transitions to the continuum
classical coupled oscillators. of multiphonon states. On the other hand, the dielectric po-
larization due to multiphonon processes is neglected in the
above dielectric function. For;=0, j=1,... K, Eq. (2)
B. Response of interacting modes describes the response of independent classical oscillators

In agreement with Ref. 20 we define &*mode” dielec- obeying the equations of motion
tr.ic function ¢ as a response fqnction havirtg pairs of d2x; A2+ ydx; /dt+ wx =eE(t), j=1,...K,
simple poles. They are placed in the lower complex half J = = 3)
plane of frequencies in positions symmetric with respect to
the imaginary axis. The electric displacemént ¢E due to  whereeg; is the effective charge of thgth oscillator?®® The
the driving electric field with a harmonic temporal depen-amplitudex,; of the displacemenk;(t)=Xq;(w)exp(—iwt)
denceE=E,exp(—iwt) is proportional to its amplitud&,,. is proportional to the field amplitude, and the effective
The functione (w) havingK pairs of poles can be written in chargee; . Consequently, the strengtBsare proportional to
the following form: the squares of the effective charges, since the contribution of

in'j
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FIG. 5. Same as Fig. 3 for the in-plane components of the di-

. FIG. 6. Same as Fig. 4 for the in-plane components of the di-
electric tensor.

electric tensor.

the jth mod_e to the mdu_ced dipole moment is proportional toredistribution of oscillator strength due to the mode interac-
€Xoj - Adding up the dipole moments of these modes, w

. ; . . . etion has been discussed in Ref. 20, where its influence on the
obtain the dielectric function of Eq2) with ;=w;, I line shapes of reflectance spectra has been identified.
=7v;, ando;=0 for anyj.

N . . In order to avoid cumbersome algebra we examine the
The generalization included in E@), with nonzero real g

values ofo; (having dimensions of frequengyis used to link between Eqs(2) and (5) in the case of two coupled

describe the response of the system with coupled modegmdes' This can be done easily if both the broadeningnd
Sincee has to degrease faster th)::lrmjfbr || — o0 51e sum Y2 and the coupling parameteyg,= y,, are small compared

of these additional parameters has to vanish with the resonance frequencies related to the re_s;toring forces
' w, and w,. The algebraic equations for the displacement

K amplitudes resulting from Eq$5) then read

Z o;=0. (4)

)= (03— 0?—iy1)Xo1— i @Y1(Xo1—Xo2) = €1 Eq,

Equation(4) requires the existence of at least two coupled

modes ifo; are to be finite. In the following equations of

2_ 2 ; -
w5— W —lwyy)Xgo— I WY1 Xoo— Xo1) = €2Eg. 6
motion, the damping forces include contributions propor- (w2 v2)%oz yazXoz ™ Xo1) = €2 ©

tional to therelative velocitiesof the oscillators: Let us further assume that the separation of the two reso-
K nance frequencies is large compared to the broadening and
A2 /dt2+ y;dx; /dt+ 2 y,—kd(xk—xj)/dt+wj2xj coupling constants. In a narrow frequency range close; (o
k=1 approximate solutions of Eq#6) can be approximated by
=eE(t), j=1,...K. (5)
] ) H 9 .
. . . e oy /(05— f)
The coupling constantg;, describe phenomenologically the Xor~ % T - 0
possible transfer of energy between displacements belonging w1t 01y (03~ 01) — 0 —io(y1+ 1)

to the normal modes described by E8). In our case, the
microscopic origin of the coupling of the idealized modes of —i awlzel/(wg— wi)

a hypothetical crystal with identical atoms at the sites of Sr = xpp~ ———————— o

and La is presumably just their stochastic distribution. The wit o1yl (03— o))~ —io(y1+ v

Eo. (7)
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osf ' 't T r T T T vals close to the mode centers. This enables us to avoid
y LaSrAIO ] possible problems with unphysical behavior consisting in
‘ negative values of the absorptive pagtthat can occur for
some combinations of parameters on the positive real axis of
. The dissipative nature of the response function of ().
for all frequencies can be tested fairly simply fi=2.2°
However, it is a difficult task for a larger number of modes.
The asymmetric line shapes of E@) are similar to the
Fano profiles resulting from the quantum interference of a
discrete state with a continuuthThis is most easily seen for
weakly asymmetric profilefo;/Q;<1 in Eg. (2)]. In fact,
introducing the reduced frequenay=(;— w)/(I'/2), we
can approximate the imaginary part of fhterm in the range
close to the resonance frequensy by

c-axis
06}

0.4

REFLECTIVITY

500 550 600 650 700
WAVE NUMBER (cm™)

FIG. 7. Room-temperature near-normal incidence reflectivity of 32~const—ﬁ €~ /‘TJ _ (9)
LaSrAlO, polarized along the axis in the range of the highest TO I'J- e2+1
and LO modes. Solid line: our direct measurement at 10 ° off nor-
mal incidence; dashed line: reflectivity computed from the dlelectrlcThls is of the form of the usual Fano line shapes (
function of Ref. 7; symbols: reflectivity computed from the modi- +0)?/(e°+1), in the limit of weak couplingg>1, with g
fied Lorentzian parameters of the 568-cthmode. Note that the =—2(;/0;.
structure at~580 cri !, much stronger in the dashed spectrum, is  We Close this subsection with a comment on the so-called
spurious. It is due to the strong and narrow in-plane LO band offactorized form of the dielectric function,
LaSrAlO, at this photon energy. <

QEOJ w?—iwl g

Thus we have obtained an approximate result ferxg; e(w)=¢e. H 02— il (10)
+e,X0,)/Eq giving the line shape of close tow;. It is of =1 Q- t@l To)
the form of thej =1 term in the sum of Eq(2) with which was introduced in Ref. 22. Hefeo; and Q) o; de-
note the frequencies of transverse and longitudinal modes,
Q1=VJoi+wiyi)(w5—w]), T'i=y1+7y1, andI'o; andI" o their dampings. It displays readily pairs
of poles in bothe and — 1/¢ that are located in the lower half
S,=€20%, ¢,=2y,88,/ (03— ?). (8)  Pplane of complex if all damping parameters are positive.

The number of parameters of Eq40) and (2) is the same,

Interchange of the subscripts 1 and 2 gives the correspondirand the two forms are essentially equivalent. In faaf Eq.
approximate line shape in the vicinity of the second reso{2) can be expressed as a fraction of two polynomials of
nance frequencw,. As expected, the vanishing of the cou- degree X, both becoming complex conjugate upon chang-
pling constanty;, implies vanishing ofr; ando,. The cou- ing the sign ofw. The numerator can then be factorized in
pling shifts the resonance frequencies independently of ththe same way as in Eq10). When the factorized form is
sign of y,,, a fact which reproduces the results of standardused with no constraints on the TO and LO frequencies and
second-order perturbation theory. On the other hand, thdampings, the function may fail to be dissipative for all fre-
changes of the linewidths depend on the sign of the couplinguencies, and also contain a term proportional te idr
constant. Close to the resonances, they appear as a pie|—c. The condition for avoiding the latter deficiency
nounced asymmetry of the line shapes, which results fronshould be equivalent to Ed.4). It can be found from the
the mixing of the real and imaginary parts of the spectraffollowing requirement:de(&)/d¢|;—o=0, {=1/w. After a
profiles of independent modes due to théwo; terms in  simple differentiation in Eq(10) we arrive at
Eqg. (2). Note thato, has the same magnitude but opposite " K
sign aso; in EqQ. (8). The requirement of Ed4) is therefore
fulfilled automatically; it is a consequence of the structure of 2 Frop= E Lo
equations of motion. Further, the type of asymmetry of the
line shapes depends on the signs of the effective charges ahet us note that the independent oscillators giveanishing
coupling constant, and differs for the two interacting modesas 1t? for |w|— . They therefore fulfill Eq(4) [which is
due to the changing sign of the difference of their squaredrivial when all o in Eq. (2) vanish and also Eq.(11).
frequencies. Although the dampings of independent TO and LO modes,

In a rough picture, the coupling of a given lattice vibra- except forK=1, may differ, their sums should be equal;
tion with more than one of the remaining modes consists irhowever, overlaping broad bands of multiphonon or impurity
an additive influence on its position, width, and intermixing absorption can influence significantly the situation in the LO
of the real and imaginary parts of its line shapes. As seemange!® We prefer here the model line shapes in the form of
from Eg. (8), the coupling constants determining theseEq. (2) because of the relationships provided by E.
changes are weighted by the mode strengtbkated to ef- The factorized form has also been used in recent reflectivity
fective chargesand spectral positions. In this work, we re- studies of LSGO and LSAOand we discuss the parametri-
strict the use of the representation of E). to narrow inter-  zation below.

(11)
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TABLE Il. Mode parameters obtained from the fit of modified Lorenztians {§O modeg and to— 1/ (LO mode$. The strengtts
is dimensionless, all other parameters are in tnThe rows denoted bfg) list phonon energies and broadenings obtained from reflectivity
measurements; note that the number of reported modes is larger than required by symmetry and observed in our work, exdgpt for the
modes of SrLaGag The rows denoted bgb) list the phonon energies estimated for LaSrpaf@m reflectivity spectra and calculated using
a shell model.

LaSrGaQ LaSrGaQ
mode STO O'TO QTO FTO QLO FLO Ref mode STO U'TO QTO FTO QLO FLO Ref
A,, (c axis 348 80 426 110 7
1 1.2 46 138 16 140 18 444 100 558 21 !
139 17 142 20 7 379 430 6. expt
384 510 6, calc
5 163 60 254 61 514 o4 3 0.078 17 568 24 643 13
258 69 498 27 7 567 22 580 26 !
589 33 646 13 7
3 0.05 11 525 20 597 39 233 Zgg 2 i;p(;[
522 23 518 16 7 '
510 46 600 35 7 E,(in-plang
E,(in-plane 1 10.1 94 204 17 297 11
J(in-
1 11.4 —66 159 11 204 8 208 12 298 8 !
204 393 6, expt
162 13 204 9 ! 222 255 6, calc
2 2.2 108 246 15 263 33 '
2 0.2 47 299 18 320 15
246 16 210 24 ! 313.1 11 3126 13 7
3 4.2 —64 326 18 501 9 ' )
314 316 6, expt
328 22 502 9 ! 314 316 6, calc
4 03 ! ;5683 2276 77(?79 2258 7 3 2.1 —130 445 13 580 7.5
447 6 582 6 7
460 582 6, expt
LaSrAIO, . 422 502 6, calc
AZ; (c axiy , 4 03 5 670 20 734 32
1 9.0 -31 251 219 323 61 668 22 707 48 7
46 26 309 60 ! 713 40 735 38 7
234 364 6, expt 666 687 6, expt
272 315 6, calc 663 759 6. calc
2 1.2 13 343 38 555 23
C. TO and LO modes of LaSrGaQ, and LaSrAlO,4 properties of the strongest vibrational modes. In any case, the

We have fitted the strongest bands in the spectra of thEeauirements of Eqsi4) and (11) are reasonably well ful-
room-temperature dielectric function and its negative inversdlled by the parameters in Table Il resulting from our study,
of Figs. 3—6 with the asymmetric line shapes of B); the with the experimental upcertalnty of the brqademngs being
best-fit line shapes are shown in the fitted segments of theelow ~5%. The same is true for the reflectivity déster
spectra of: by thick lines. Resulting fit parameters are listed & correction for the extra modes. o
in Table Il. The— 1/ spectra were found to be fitted fairly We have tested the reliability of the determination of the
well with uncoupled modes, i.e., using ai| in Eq. (2) fixed ~ asymmetry parametexs; that are related to the mode cou-
at zero. We restrict therefore the results for LO modes tdling. In Fig. 8 we show the room- and low-temperature data
their positions and widths. of the 326 cm? in-plane mode of LSGO which has the

In Table Il we also list data found in the literature. They width of 18 cm ! at 300 K. The broadening parameter is
are generally in fair agreement with our results, except foreduced to 11 cm® at 10 K, while the resulting strengt,
the occurrence of additional modes in Ref. 7, as discussed 4.1, remains almost unchanged. The valuerait 10 K is
above. The positions compufedising a shell model for —73 cm%, close to the room-temperature result o564
LaSrAlO, are reasonably close to the observed ones, excepim !; a difference of about 10 cit is within our experi-
for the 580 cm ! in-plane LO mode. It should be noted that mental uncertainties in this case. Consequently, the interac-
the parametrization of Ref. 7 produces negative values,of tion of this mode with the remaining ones can be assumed to
at high frequencies for both LSGO and LSAO. We reemphabe temperature independent, as expected for the coupling
size, however, that our representation does not pretend to lmeediated by disorder. Note that the negative signr ofieans
accurate for all frequencies; instead, it is intended to extradhe flatter rise and steeper fall of the absorption when going
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T T . T " T TABLE lIl. Zone-center phonon frequencies in chof several
10K LaSrGa0, T-structure materials.
% 100 E_ (plane)
- ‘ TO modes
% Compound Ayy(1) Ax(2) Asy(3) Ref.
LQL LaSrAIO, 568 343 251 this work
g LaSrGaQ 525 254 138 this work
u La,NiO,4 490 347 220 2, neutrons
% 503 275 27, IR reflectance
515 370 280 1, IR reflectance
La,CuQ, 495 250 150 28, neutrons
500 235 135 3, IR ellipsometry
800 820 340 860 501 342 242 29, IR reflectance
WAVE NUMBER (cm™)
FIG. 8. The in-plane spectra of the 326-chn mode of E(1) E(2) BB E4)
LaSrGaQ at 300 K(open symbolsand 10 K(solid symbol$. The )
best-fit modified Lorentziangsolid and dashed lingsreproduce LaSrAlO, 670 445 299 204 th!s work
well the band asymmetry, showing no change of the mode strength?SrGaQ 663 326 246 159  this work
and coupling parameter with changing temperature. La;NiO, 650 350 220 150 2, neutrons
656 351 224 151 27,IR reflectance
across the band from lower to higher energies seen in Fig. 8. 675 367 236 150 1, IR reflectance
This level of asymmetry is easily detectable: the ratio of| 5 cug, 630 350 170 120 28, neutrons
imaginary and real parts of the numerator in E2). at the 667 358 132 29, IR reflectance
mode center igr/(Sw)~ —0.05. _ _ 695 360 145 1, IR reflectance
The 568 cm ‘c-axis mode of LSAO displays an opposite
type of asymmetry manifesting itself in the positive sign of LO modes
T " 1 T T ! T ! A2u(1) A2u(2) A2u(3)
150 ':Ib/ LaSrGa, ,ALO, E, (plane) LaSrAIO, 643 555 323 this work
x=0 LaSrGaQ 597 514 140 this work
10K \ La,NiO, 440 2, neutrons
o0 -::. | 574 472 27, IR reflectance
N :: La,CuQ, 575 458 30, IR reflectance
w N
f Ef(1) Eu(2) Eu3) Eu4)
50 S
i LaSrAIO, 734 580 320 297 this work
L7 AN LaSrGaQ 709 501 263 204 this work
0 = , nnirl T La,NiO, 665 391 243 171 27, IR reflectance
200 300 400 La,CuQ, 685 450 280 165 28, neutrons
f‘vrll:,/1 L'aSrGaw;AleA ' e (plalme) o. Its contribution to the absorpt_ion. falls steeply when going
Y across the band to lower energies; this is accompanied by a
50 i : 10K N 7 steep rise of the near-normal reflectance shown in Fig. 7,
) which cannot be reproduced by an independent oscillator
4/,_’._{ with a high value of its broadening parameter required by the
S P ‘-,: | spectral form of the dip in reflectivity. Here, the situation is
® I L similar to the case of perovskites studied in Ref. 20. The
‘V;' corresponding mode of LSGO has similar coupling to the
¥ two lower bands. However, unlike the case of the perovs-
-50 T kites, none of the three-axis modes seems to be uncoupled
W from the others. The weakest coupling, on the verge of being
, observable, occurs for the high-frequency in-plane vibrations
200 300 400 of both LSGO and LSAO.

WAVE NUMBER (cm™)

FIG. 9. The reallower panel and imaginarfupper panglparts

A pronounced contribution to the mode coupling can be
expected in SrLaGa,Al,O, alloys, with additional ran-
domness in the occupation of the centersvildg octahedra

of the in-plane component of the dielectric tensor of LaSrgaO with M=Al or Ga atoms. We show in Fig. 9 the low-

(solid lineg, LaSrAlO, (dashed lines and LaSrGg,sAlg 740,
(dash-dotted linescrystals, at 10 K.

temperature in-plane spectra of both constituents and the
=0.75 mixed crystal. Note that the 445-Ch mode of
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LSAO (having the highest coupling parameteroves much  ¢m™?). The lowest modeE (4), is probably the motion of
less towards lower energies with adding Ga than the twa a/Sr ions against th#1 Og octahedrd. The eigenvector pat-
lower bands. At the same time, its asymmetry increases. Aern computetf for La,CuQ, displays, on the contrary, a
possible explanation consists in an upward repulsion due tgery small displacement of the Cu atom, while producing an
the increased interaction with remaining modes at this highynstable mode with imaginary frequency. In the experimen-
level of coupling. It should also be noted that the weak banda| spectra, the mode positions are fairly close. The in-plane
centered at-300 cn ' in LSAO becomes much better re- |0 phonons are generally more difficult to measure in con-
solved upon adding Ga. ducting materials. Taking this into account, the LO data in

A comparison of our results with other optical and Table IIl for La,NiO,, a material with fairly high in-plane
neutron-scattering studies of seveTastructure materials is conductivity are in reasonable agreement with both LSGO
presented in Table Ill. Together with the results of latticeand LgCuQ,. The good agreement of the positionsE{3)
dynamics calculations that provide displacement patterns afO mode of LSGO, LaNiO,, and LaCuOQ, provides further
normal modes$?**®it allows us to formulate the following  evidence for an upper limit of the second lowest TO mode of
mode aSSignment for LSGO and LSAO. We will also men-LaZCuO4_ Name|y, it should be located below280 Cm71,
tion the implications of this assignment for 43Sr,CuO,,  which is the highest of the three entries.
with its atomic masses fairly close to LSGO. The square
roots of the mass ratios/(my,/mc,, are 1.05, 0.96, and 0.65
for M=Ga, Ni, and Al, respectively.

Az, modes The two high-frequency TO modes,,(1) We have used ellipsometric and reflectance techniques to
and A,,(2) correspond essentially to bond stretching andstudy the infrared response of anisotropic crystals of LSGO
bending, respectively; they were predicted by lattice-and LSAO. We have observed the proper number of
dynamical calculations to be at 490 and 347 ¢min infrared-active phonons required by crystal symmetry. An
La,NiO,, (Ref. 2 and 446 and 197 cnt in La,CuQ,.?* The extremely high optical contrast between the ordinary and ex-
lowest band calculated at 220 cthin La,NiO, (Ref. 2 and  traordinary response in the range of sharp LO modes is
119 et in La,CuQ,,* is characterized by rather small found to require special care to avoid spurious spectral struc-
displacements of in-plane oxygens. We believe that theures. The lattice bands of LSGO and LSAO show pro-
138-cm* mode of LSGO is analogous to the weak nounced features of mode coupling, due to the random dis-
135-cm ! band of LgCuQ, identified in the IR data of Ref. tribution of La and Sr atoms in the lattice. We have
3. The data for LO modes are scarce; the only reliably idenpresented a scheme to identify and quantify the coupling.
tified LO phonon seems to be the highest, related to th&ome of the features found here are similar to those observed
663-cm ! mode of LSGO. in anharmonic perovskité8.The positions of transverse and

E, modes The highest TO modg,(1) (doubly degener- longitudinal phonon modes of LSGO are found to be useful
ate corresponds to in-plane bond stretching; its frequenciein discussing the vibrational properties of other interesting
obtained in various studies are in very good agreement witkompounds crystallizing in the same or similar structure. In
each other. The remaining three TO phonon frequencies garticular, our results confirm the proposed assignment of the
Table IIl are fairly close except for the consistently higherc-polarized vibrationsand predict the frequency of the miss-
values for LSAO. TheE,(2) and(3) modes are primarily ing weak in-plane phonon of L&uO,.
bond bending motions of th#1Ogz octahedra; as suggested
by the eigenvectors computed for INIO, (Ref. 2 and
La,CuQ,,?* they contain significant displacements of the
central atoms in both compounds. The “missing” phonon of  One of us(J.H) acknowledges the hospitality of the Max-
E, symmetry for LaCuQ, (Ref. 1) is likely to be located Planck-Institut fu Festkoperforschung Stuttgart. We are in-
below the strong mode at350-360 cm?® (326 cmi® in  debted to M. Berkowski for providing the samples, to D.
LSGO), not at~400 cm ! as suggested in Ref. 1. Our esti- Munzar and C, Bernhard for helpful discussions, and to D.
mate points to a position not far from that in LSG@46  Bohme and R. 8ehla for technical help.

IV. CONCLUSION
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