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Neutron scattering study of soft optical phonons in La2 —„Sr„Cu04—„
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The soft optical phonons associated with the tetragonal-to-orthorhombic structural phase transi-
tion in La2 —„Sr Cu04 —~ have been investigated using inelastic-neutron-scattering techniques.
Single crystals with Sr concentrations of x=0, 0.08, and 0.14 were studied. Both branches of the
doubly degenerate L-point phonon which go soft at the tetragonal-to-orthorhombic transition have
been observed in the orthorhombic phase. In all three samples one branch hardens, while the oth-
er remains relatively soft with behavior indicative of a further incipient structural phase transi-
tion. We identify the hard and soft branches of the orthorhombic phase as zone-center and
zone-boundary phonons, respectively. The zone-center mode has Ag symmetry and is, consequent-
ly, Raman active. The relation of these measurements to other structural properties and to the
superconductivity in La2 —„SrxCu04 —y is discussed.

I. INTRODUCTION

The La2 — R„Cu04 —y class of high-T, superconductors
has been found to exhibit an unusually rich variety of phe-
nomena in its transport, magnetic, and structural proper-
ties. This paper reports the results of inelastic-neutron-
scattering studies on one aspect of the structural proper-
ties, ' the soft optical phonons at the tetragonal X point in
La2 „Sr„Cu04—y. The X-point mode was first reported
to go soft at the tetragonal-to-orthorhombic structural
phase transition in Ref. 2, and subsequent measurements
of the critical behavior associated with the tetragonal-to-
orthorhombic transition are found in Ref. 3. In this report
the focus will be on the behavior of the X-point phonons in
the low-temperature orthorhombic phase and their rela-
tion to low-temperature structural phase transitions and
anomalies. Raman scattering studies of some aspects of
these soft optical phonons are reported in Refs. 4, 5, and
6.

Many recent powder-diffraction experiments have indi-
cated that low-temperature structural instabilities exist in
the orthorhombic phase of La2 —„R„Cu04—y Experi-
ments on La2 —„Ba Cu04 —y have reported actual
transitions out of the orthorhombic phase in the 40-70 K
temperature range. The new phase can be either tetrago-
nal or possibly monoclinic, depending on the Ba concen-
tration. Oxygen concentration may also play a critical but
currently uncharacterized role in determining the low-
temperature transition characteristics. Indeed, variations
in oxygen concentration change the orthor horn bic to
tetragonal structural phase-transition temperature To in
La2Cu04 —y quite drastically, ' "so changes with oxygen
content in low-temperature structural transitions would
not be surprising. In La2Cu04 —y and La2 — Sr Cu04 —y
most studies' have not reported transitions out of the

Cmca phase. One exception in La~ 85Sro»Cu04 has been
reported in this case the transition was at low tempera-
tures (T & 30 K). Again, variations in oxygen concentra-
tion may lead to different laboratories reporting different
structural properties. We note that none of the samples in
this study has low-temperature transitions out of the
Cmca phase.

Measurements of the elastic properties have also indi-
cated the presence of low-temperature structural instabili-
ties. '" ' All published results which we are aware of
have been on polycrystalline samples, therefore, only in-
formation on bulk thermodynamic properties has been ob-
tained. In both La2 —~Ba„Cu04 —y and La2 —„Sr„Cu04—y
the average velocity of the acoustic modes softens greatly
(up to 40%) (Ref. 16) near To (we denote the supercon-
ducting and high-temperature tetragonal-to-orthorhombic
structural transitions by T, and To, respectively). This
change in elastic properties is undoubtedly related to the
tetragonal-to-orthorhombic transition at To. In fact, cou-
pling between the order parameter and strains can ac-
count for this softening quite naturally. ' However, the
acoustic modes remain soft for an extended temperature
range below To, a fact suggesting that the Cmca phase is
unstable. Further, in some barium-doped samples' a
hardening at low temperatures suggestive of the low-
temperature structural phase transition is seen.

We mention finally that various indirect measurements
have corroborated the presence of structural anomalies
and low-temperature transitions. In Ref. 8 the low-
temperature transition directly observed in La& 85Bao»-
Cu04 by neutron diffraction was accompanied by an
anomaly in the resistance of the sample. Similar resis-
tance anomalies have been seen in Ba-doped samples
with compositions in the range 0.10~ x ~ 0.125, and sub-
sequent diffraction work ' has confirmed that a transition
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out of the Cmca phase does in fact occur in this range of
Ba doping. Last, Raman scattering measurements of the
zone-center phonons have suggested the presence of
phases other than the Cmca phase in Sr-doped samples;
extra peaks are observed in the phonon Raman scattering
whose presence is most easily explained if the samples
have monoclinic symmetry.

The format of this paper is as follows. In Sec. II the
crystal structure of l.a2Cu04 is discussed; we also describe
the materials, transport, and magnetic properties of the
samples studied. Our neutron-diffraction results are
presented in Sec. III, and in Sec. IV we discuss our results
and their relationship to the low-temperature structural
transitions described above. Finally, in Sec. V we mention
the possible connections of our results to the superconduc-
tivity in La2 — R„Cu04 —~.

II. PRELIMINARY DETAILS

The crystal structure of La2Cu04 is shown in Fig. 1(a).
In the tetragonal phase the space group is I4/mmm and in
the orthorhombic phase it is Cmca; the tetragonal-to-
orthorhombic phase transition corresponds qualitatively to
the rotation of Cu06 octahedra shown. A map of the re-
ciprocal lattice measured in orthorhombic units is shown
in Fig. 1(b). Since the orthorhombic cell that is used for
indexing the peaks is twice as big as the primitive Cmca
cell, not every orthorhombic reciprocal-lattice Bragg posi-
tion is a Cmca Bragg position. In the experiments pre-
sented here, most of the measurements were performed
around the (0,2,3) superlattice peak, but because of twin-
ning phonons around the (3,2,0) position were simultane-
ously measured. From Fig. 1(b) one can see that the
(3,2,0) phonons have wave vectors at a boundary of the
Cmca Brillouin zone. These phonons are consequently not

Raman active; this is an important difference between our
measurements and Raman studies.

The single crystals used in this study were grown at the
Institute for Molecular Science (IMS) and the Mas-
sachusetts Institute of Technology (MIT) by a CuO Ilux
technique. Details of this growth technique are given in
Refs. 23 and 24. Strontium and oxygen compositions and
gradients may be estimated from measurements of the or-
der parameter associated with the tetragonal-to-ortho-
rhombic transition. Figure 2 shows data for a superlattice
peak intensity versus temperature for the three samples.
The Sr content of each doped sample was then estimated
from the value of To using Fig. 3 of Ref. 25. Con-
firmation of the Sr content in the x =0.08 sample was pro-
vided by electron probe microanaiysis (EPMA). The oxy-
gen content of the pure sample may be estimated from the
value of To and Refs. 10 and 11 to be y=0.02; however,
we do not know values for y in the Sr-doped samples. Es-
timates of strontium and oxygen concentration gradients
in the samples may be calculated from the amount of
rounding in the tetragonal-to-orthorhombic structural
phase transition temperature. From Fig. 2 of this paper
and Refs. 10, 11, and 25 we estimate the variation in
strontium and oxygen concentration to be less than 0.02 in
all three samples. In calculating the oxygen concentration
gradient, we assumed that the temperature dependence of
To on oxygen concentration in undoped La2Cu04 ~ is
comparable to that in doped La2 — Sr„Cu04 —~. The esti-
mates were therefore calculated in a conservative manner;
we assumed that variation in only strontium or oxygen
alone caused all of the rounding shown in Fig. 2.

A summary of physical properties of the samples stud-
ied is given in Table I. The undoped sample is an insula-
tor which undergoes a three-dimensional (3D) antiferro-
magnetic phase transition at T~ =240 K. The x =0.08
sample undergoes a superconducting transition; the mid-

~ CU 2k

0 O2-

@Lo5+

4) 4-)

LozCuoq

(moo)::

~ NUCLEAR PEAK
& NUCLEAR SUPERLATTlCE PEAK

004) ii ———— ———-4V ———————&I————————4i(

{200):: '
~ F '~ F

(QQ2) iI———————4i———————-4I———————Hl

0
()

0 0 (020) 3 (040) 5 (060)

(b)

FIG. l. (a) Crystal structure of La2CuO4, the arrows associated with the center oxygen indicate the direction of rotation in the or-
thorhombic phase. (b) Orthorhombic (h, k, 0) and (O, k, l) reciprocal-lattice zones. The filled and open circles denote I4/mmm nu-
clear peaks aud Cmca nuc1ear superlattice peaks, respectively. Note that measurements at the (0,2,3) Cmca superlattice peak posi-
tion also measure the (3,2,0) zone-boundary position because of twinning in the Cmca phase.
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finite resistance at the lowest temperature measured (2.5
K). In both Sr-doped samples no 3D antiferromagnetic
transition occurs. The magnetic behavior of heavily doped
samples is quite complicated; see Refs. 25 and 26 for more
details.

III. NEUTRON SCATTERING MEASUREMENTS
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point of the transition as measured by the resistivity was
at = 12 K, and the resistivity was zero at 4.2 K. Suscep-
tibility measurements on a piece from the edge of the
x=0.08 sample indicate a Meissner fraction of 15% at 5
K. Indications of a rather broad superconducting transi-
tion in the x=0.14 sample were also observed; the resis-

FIG. 2. Superlattice peak intensities in La2 —„Sr Cu04 —y.
The solid lines represent the power law I=Ia(Ta —T) ~. Values
of P for the lines shown are 0.33, 0.37, and 0.34 for x=0, 0.08,
and 0.14, respectively. The data is not sufticiently accurate to
warrant interpretation of the values for P in terms of critical ex-
ponents, however.

Experiments were conducted on the triple-axis spec-
trometers H7 and H4M at the Brookhaven High Flux
Beam Reactor. The detected neutron final energy was
fixed at EI =14.7 meV and different combinations of 20'
and 40' collimators were used depending on the confiicting
requirements of intensity and resolution. Neutrons with
subharmonic wavelengths were removed by a pyrolytic
graphite filter mounted after the analyzer crystal. Most
measurements were performed in the orthorhombic
(h, k, O) and (O, k, l) reciprocal-lattice zones shown in Fig.
1(b).

The soft X-point phonons may in principle be measured
in the vicinity of any superlattice peak position; the posi-
tion chosen for this study because of its favorable intensity
was the orthorhombic (0,2,3). Typical triple-axis energy
scans with peaks from inelastic phonon scattering are
shown in Figs. 3 and 4. The scans were corrected for
small residual higher-order neutron contamination and
then fit to the damped harmonic-oscillator cross section

S(q,E) = Ip I + r —+IGexp( E /2o )—1 2 2

1 —exp( —PE) (E E) +r E —(E +E ) +r'E

convolved with the instrumental resolution function. In
this cross section, p is I/k&T, E is the energy transfer of
the neutron, E~h is the phonon energy, and I is a phenom-
enological damping constant. The Gaussian is included to
fit the overdamped "central peak" ' (T & Tp) or superlat-
tice peak (T & Tp). In the fits, we have assumed E~h to
be constant within the instrumental resolution function,
that is, we did not take into account the dispersion of the
phonons.

Figure 5 shows the temperature dependence of the X-
point phonon energy. Most of these phonon energies were
measured at the (0,2,3.075) position instead of the (0,2,3)
position because the soft phonons at the (0,2,3) position
became so heavily overdamped that we could not resolve
them from the superlattice peak (T & Tp) or central peak

(T & Tp). Indeed, within 30 K of Tp even the (0,2,3.075)
phonon became impossible to resolve (see the T=493 K
scan of Fig. 3). The dispersion of the phonons along the
three orthorhombic reciprocal-lattice directions for the
lower energy branch of the x =0 sample is shown in Fig.
6. The motivation for plotting the phonon energy squared
against the phonon wave vector squared is discussed
below.

Both the (0,2,3) zone-center mode and the (3,2,0)
zone-boundary mode can be seen for temperatures below
T~ in Fig. 5. In order to identify the symmetry and wave
vector of the two branches, we note that Raman scattering
measurements of the condensed zone-center mode in
undoped La2Cu04 —~ coincide with the upper branch in
Fig. 5(a). The measurements also identify the symmetry

TABLE I. Crystal properties.

Label Volume (cm3) a (A)' b (A) c (A) Ta (K) T~ (K) T, (K)

MIT-10
IMS-1
MIT-13

0
0.08
0.14

1.6
1.6
1.0

5.359
5.364
5.357

13.152
13.189
13.221

5.405
5.364
5.357

503
381
224

240
=12

' Lattice constants measured at 295 K.
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FIG. 6. Dispersion of the soft mode branch along the ortho-
rhombic (0, 1,0), (1,0,0), and (0,0, 1) directions.

IV. DISCUSSION

We shall discuss most of our results within the context
of Landau theory. The order parameter of this system
has two components (Q„Q&) corresponding to the two A'-

point soft phonons with wave vectors at ( —,', —,',0) and
( —,', —,',0) (tetragonal units); the free energy of the system
is then

G - —,
' a(T —T.)(Q.'+QI)
+~(Q2qQ2)2+, (Q4+Q4)+ (2)

Here a, u, and v are weakly temperature-dependent con-
stants. The symmetry of this free energy puts this system
in the 3D XY with cubic anisotropy universality class; we
mention in passing that a renormalization-group analysis
of this model has been done by Aharony. ' Further, the
order-parameter data shown in Fig. 2, while not suf-
6ciently accurate to warrant interpretation in terms of
critical exponents, is consistent with both theory o 3' and
previous experiments.

The soft-mode energy squared is proportional to the in-
verse susceptibility 8 G/8Q . Using the Landau free en-
ergy G given above with Iluctuations included in lowest or-
der gives for the soft-mode energy squared,

Ep2

v=
4Q 2

(4)

Here Eph refers to the uncondensed zone-boundary mode
of the Cmca phase. We have used the data for Eph of Fig
5(a) and the data for Q, of Ref. 34 to calculate the tem-
perature dependence of v; Fig. 7 shows the results of this

the temperature and Sr concentration for these constants.
Given the lamellar nature of the material one may have
expected that the (O, k, O) orthorhombic direction would
be nearly dispersionless. Our measurements show that
this is not the case. Indeed, simple calculations of the lat-
tice dynamics of near-neighbor-coupled rigid CuOs oc-
tahedra are in qualitative agreement with our measure-
ments if strong interlayer coupling is invoked. The basi-
cally isotropic behavior of the phonon dispersion indicates
that critical Auctuations associated with the tetragonal-
to-orthorhombic transition will also be isotropic. This in
turn means that the critical behavior of this system is not
that of a uniaxial Lifshitz point, ' ' a model with aniso-
tropic critical Auctuations which could have explained the
relatively low values for P measured previously.

We now discuss the low-temperature behavior of the
uncondensed mode below To shown in Figs. 5(a)-5(c).
The most important features of this mode are its relatively
low energy and the softening at low temperatures. The
low energy of this mode suggests that the orthorhombic
phase of La2-„Sr„Cu04-~ is inherently unstable. Within
Landau theory, minimization of Eq. (2) reveals that only
two stable phases can exist. '

(1) A phase where one of the Q; is zero and the other
nonzero. This corresponds to the orthorhombic phase and
will occur when v & 0 and v+ u & 0.

(2) A phase where
~ Qp ~

=
~ Q, ~. This corresponds to a

tetragonal phase and will occur when v & 0 and
2u+ v & 0. Such a transition has in fact been observed in
La2 —„BaxCu04 —y . and La2Co04.

Since v &0 in the Cmca phase, while v & 0 in a low-
temperature tetragonal phase, any transformation be-
tween these two phases occurs when the Landau parame-
ter v~ 0. The temperature dependence of v in the ortho-
rhombic phase may be calculated in Landau theory to be

E,'h-a(T —To)+q B q,
Eph =2a(To —T)+q B q,

(3a)

(3b)

-0,75
Landau parameter v in La,Cu04

y

Eph — (To —T)+q B q.@+V
(3c)

Equation (3a) applies above To, while (3b) and (3c) cor-
respond to the condensed and uncondensed modes respec-
tively below To. In our analysis, we have assumed that
Qp-0 in the Cmca phase, and also have let q B q

btqt +b2q2+b3q3 where the q; are measured along or-
thorhombic axes. We note that this form of the dispersion
is consistent with the symmetry of the system. The slopes
of the lines shown in Fig. 6 give dispersion constants of
b2-1130, bt -620, and b3-250 meV 4 at 295 K in the
x =0 sample; we observed only moderate dependencies on

-1.00

~ 25
L
O

-1.50

—1.75
0

I
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FIG. 7. Landau parameter v for the (Q, +Q~ ) term in Eq.
(2). The decrease of v at low temperatures is indicative of an in-
cipient structural phase transition.
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calculation. The softening of U as T 0 indicates that
La2Cu04 —~ has an incipient structural phase transition
similar to those actually present in La2 —„Ba Cu04 —y and
La2Co04.

V. STRUCTURAL INSTABILITIES
AND SUPERCONDUCTIVITY

tional L-point modes responsible for the tetragonal-to-
orthorhombic transition do couple to electron states at the
Fermi level. Clearly the relationship of structural insta-
bilities to the superconductivity in La2 —„R„Cu04—y is
not completely understood yet; more measurements on
Ba-doped samples in particular and further calculations of
the electron-phonon coupling are needed to resolve this is-
sue.

The incipient structural instability of the Cmca ortho-
rhombic phase manifested by the soft zone-boundary
mode is almost certainly not a primary mechanism for the
high-temperature superconductivity in La2 ~Sr Cu04 —y.
Nonetheless, structural effects may still play a secondary
role in the superconductivity. We cite two experimental
observations which reinforce this line of thought. (1) The
isotope eAect measured in La2 — R Cu04 —~ is not negligi-
ble. ' (2) A strong correlation between measured
values of T, and low-temperature structural phase transi-
tions in the La2 — Ba„Cu04 system has been reported by
Moodenbaugh and co-workers and Axe and Moudden. '

Recent calculations have also indicated that the rota-
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