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Thermal conductivity and structural instability in La- and Cu-site-substituted LazCu04
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The thermal conductivity ~ and the sound velocity in LazCu04 are found to be significantly decreased by
Nd, Zn, and Ni doping, reflecting the lattice instability of this compound. The rapid decrease of K with x in

Laz „M,Cu04 (M= Sr,Ba) in a small-x region that was previously reported by us is understood to be the

result of an enhancement of the lattice instability induced by M doping, just as in the Nd-, Zn-, and Ni-doped
insulating systems. The y dependence of the transition temperature from the LT01 (low-temperature ortho-
rhombic 1) to LTT (low-temperature tetragonal) phase in Lat f75 yRysro, z&Cu04 (R = Nd, Sm, Eu, Gd) indicates
that the larger the difference of the ionic radii between La + and R + ions, the more easily the transition to the

LTT phase is induced. We propose that the LTT region exists around the R + ion even in the LTO1 phase and

extends with the decrease of temperature and the structural transition to the LTT phase is induced when the
LTT region becomes connected in a whole area of the crystal. We also point out the importance of the local
lattice distortion for the Cu-site-substitution effects on Laz I Cu04.

It is well known that the anomalous electronic state,
which suppresses the appearance of the superconductivity, is
realized in the Ll 1' (low-temperature tetregonal, space group
P4z/ncrn) phase around x=1/8 of Laz „Ba,Cu04 and the
rare-earth doped Laz Sr Cu04. ' Although extensive
studies have been performed on this subject, the origin of
this anomalous electronic state has not yet been understood.
Buchner et aI. insisted on the importance of the magnitude of
the tilt angle of the Cu06 octahedra for the appearance of the
anomalous electronic state in the LI I' phase around
x=1/8. From the studies on Lags75 yRySrotzsCu04 (R
=Nd, Sm, Eu, Gd and Tb) and Laz, yNdyBa„Cu04, we
showed that the anomalous behaviors of the transport prop-
erties around x= 1/8 are observed always below -70 K even
if the transition temperature Tdz from the LTO1 (low-
temperature orthorhombic 1, space group Bmab) to the L'1 1'

phase becomes higher than -70 K by the R doping and
insisted on the importance of the instability of the electronic
state itself which is pronounced in the L'l l' phase. ' In order
to understand the anomalous electronic state in the Ll l'

phase around x = 1/8, it is necessary to understand the lattice
instability of LazCu04 itself. In the LazCu04 related com-
pounds, there exists the following four phases: the H'll'
(high-temperature tetragonal, space group I4/mmm) phase,
the LTO1 phase, the LTO2 (low-temperature orthorhombic 2,
space group P„„)phase, and the Ll 1' phase. These phases
are specified by the tilt of the Cu06 octahedra. When Landau
theory is used for the understanding of the tilting instabilities
of those compounds (Ref. 2), the above phases are specified
as follows using the order parameters (Q, ,Qz) which repre-

sent the tilts around the [110] and [110] axes of the Hl l'

phase: H11' (Q, =Q2=0), LTO1 (Q, XO, Qz=0), LTO2
(QqAQ240), and L'l l' (Q&=Qz40). Hereafter, we
use Tdz as the transition temperature from LT01 to L'l l'

or LTO2 Phase. It is known that in La16NdpzCu04 the
LT02 phase appears but in Laz Ba Cu04 and
Lay 6 Ndo 4Sr Cu04 (x~0.1) the Ll 1' phase appears below
Tdz. ' In order to investigate the lattice instabilities related
to the tilts of the Cu06 octahedra in LazCu04, we have
studied the thermal conductivity K of the insulating systems

of Laz yNdyCu04 and L azCu&, D, 04 (D = Zn, Ni) because
in these compounds it is not necessary to take the contribu-
tion from electrons which should exist in Laz „M Cu04 (M
=Sr, Ba) into account. Furthermore, to understand the
mechanism of the structural transition at Tdz, we have stud-
ied the y dependence of Tqz of La, s75 yRySro, z5Cu04, (R
= Nd, Sm,Eu, Gd).

All the samples used in the present experiment were sin-
tered ones made by a usual method, which is written
elsewhere. ' Figure 1 shows the temperature dependence of
K of Laz yNdyCu04 The results show that K is largely de-
creased by the Nd doping. The decrease of K with y is very
rapid in a small-y region and becomes small for y~0.1. By
only a small Nd doping with y =0.05, K becomes nearly half
of that of LazCu04, As Laz yNdyCu04 is an insulator, there
is no contribution from electrons. By comparing the sound
velocity with K at around 100 K, it is found that K is closely
related to v, in the LTO1 phase and the main part of the
decrease of K by Nd doping in the LT01 phase seems to be
a result of the decrease of v, when we assume that
the phonon thermal conductivity is simply expressed as

K&g = C&g pz 7&h/3. Here, C~q, v, , and r„t, are the specific2

heat, sound velocity, and relaxation time of phonons, respec-
tively. The large softening is observed below -200 K in
La& 6Ndo4Cu04 (Ref. 10) and it should be related to the con-
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FIG. 1. Temperature dependence of the thermal conductivity of
La2 yNdyCUO4 The arrow in the figure indicates the transition temperature

Td2 from the LTO1 to LTO2 phase.
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densation of the second of the doubly degenerate Cu06 oc-
tahedra tilting phonons at X point in the HTT phase. The
observed rapid decreases of ~ and v, with y in

Laz y Ndy Cu04 in a smal 1-y region indicate that the LTO 1
phase in LazCu04 is inherently unstable as was pointed out

by Thurston et aL' In this way, the lattice instability in

LazCu04 is reflected largely in v, and ~. The reason why
~ of the samples with y = 0.05 and 0.1 are smaller than those
in y = 0.2 and 0.4 below -40 K is simply becuase the former
samples are in the LT01 phase and the latter samples are in
the LT02 phase where the hardening of the lattice is
observed. ' The small enhancement of ~ is observed below

Tdz in Lay 6Ndp4Cu04, which is not contradictory to the
observed small increase of v, below Tdz by —1%. We
observed the pronounced enhancement of ~ below Tdz in

La] 875 —yRySrp&z5Cu04 for y)y, ' Here, y, is the critical
concentration above which the LTT or LT02 phase appears.
The studies to understand the origin of the enhancement of a
of the Sr-doped samples below Tdz are now in progress.

We have also measured the temperature dependence of ~
of the insulating systems of Laz Cu, ,D,04 (D = Zn, Ni) and
the same tendency for ~ vs doping concentration as in

Laz ~Nd~Cu04 was observed. That is, v is decreased by the
D doping. Also in LazCup 8Znp z04 a similar softening below
-200 K was observed as in La& 6Ndp4Cu04. These results
indicate that the same mechanism for the decrease of ~ and
the softening below -200 K as in Laz yNdyCu04 is appli-
cable to the D-doped systems. The fact that the decrease of
sc is larger in the Zn-doping case than in the Ni-doping case
indicates that the larger lattice instability is induced by the
Zn doping. This tendency is observed also in

Lag s75 ~Nd4Sro &z&Cu&,D,04 (D = Zn, Ni) below and
above Td

12

Td, of LazNi04 and LazCu04 is 770 K (Ref. 13) and 540
K, respectively, and T» of LazCo04 and LazNi04 is 135 K
(Ref. 14) and 70 K (Ref. 15) below which temperature the
LTT phase is realized, respectively. From the simple extrapo-
lation by using the Tdz values of LazCo04 and LazNi04,
Tdz of LazCu04 is estimated to be -0 K. This should be
related to the continuous softening of the lower branch of the
TO phonon which is the uncondensed mode in the LT01
phase with the decrease of temperature. These results and
the above-mentioned drastic enhancement of the lattice in-
stability induced by the doping which does not depend on the
substituted site, i.e., La or Cu site indicate that the LTO1
phase in LazCu04 is inherently unstable against the tilts of
the Cu06 octahedra transverse to the tilt axis in the LT01
phase. Then, it is naturally expected that also by Sr or Ba
doping, the same kind of lattice instability is induced as in
the above insulating systems. We have studied ~ of
Laz „M„Cu04 (M = Sr,Ba) and reported the characteristic x
dependence of ~ of Laz Sr Cu04 at constant temperature
as shown in Fig. 2, i.e., ~ decreases with x up to -0.2 and
increases rapidly and then decreases with x for x~0.35.
The similar x dependence of ~ was observed also in
Laz Ba Cu04 but its decrease with x in a small-x region is
larger than in Laz Sr Cu04. We explained these behaviors
as follows in our previous paper. In a small-x region, the
thermal current is carried mainly by phonons and with the
increase of x, the phonon contribution becomes less because
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phonons are scattered by both electrons and lattice imperfec-
tions induced by the Sr doping and, instead, the electronic
contribution becomes important in a larger-x region. How-
ever, the present results for Nd-, Zn-, and Ni-doped samples
strongly suggest that this x dependence of ~ refIects the lat-
tice instability in Laz M, Cu04 (M = Sr,Ba) rather than the
increase of the number of the scattering centers of phonons
in a small-x region. The increase of ~ for x)0.25 in

Laz Sr,Cu04 may be partly due to the increase of the car-
rier contribution and partly due to the increase of v, as a
result of the entrance into the H'l j.

'

phase. The observed
larger decrease of ~ by Ba doping than by Sr doping sug-
gests that the larger lattice instability is induced by the
former rather than by the latter, which may be related to the
appearance of the L'j. I' phase in Laz Ba Cu04.

Figure 3 shows the y dependence of Tdz of
La] s75 &R&Sro &z5Cu04 (R = Nd, Sm, Eu, Gd) which is ob-
tained from the measurements of ~, v, , and S. Although
Sm-, Eu-, and Gd-doped samples show a similar y depen-
dence of Tdz, that of the Nd doped one is different from
these three systems. This difference will be discussed later.
The critical concentration y, above which the L'1 1' (or LT02)
phase exists is -0.13, 0.05, 0.04, and 0.03 for Nd-, Sm-,
Eu-, and Gd-doped samples, respectively. This indicates that
the larger the difference of the ionic radii between La + and
R + ions, the wider the range of the local lattice distortion
induced by the R doping and the more easily the cooperative
structural transition from the LT01 to the Li i' (or LT02)
phase is induced. This suggests the importance of the local
lattice distortion around the R + ion in the structural transi-
tion to the Lj. i' phase and it is difficult to expect the homo-
geneous LTT phase when the y, value is small. It is expected
that the region where the same structure as in the LTT (or
LT02) phase, which we call the LTT (or LT02) region here-
after, emerges around the R + ion, and the structural transi-
tion is induced when the L'i i' (or LT02) region becomes
connected in a whole area of the crystal. That is, the L'i i' (or
LT02) region exists around R + ion even in the LT01 phase
and the LTT (or LT02) region extends with the decrease of
temperature, which was discussed by Billinge, Kwei, and
Takagi. Here, we propose the following mechanism of the
structural transition at Tdz. Figure 4 shows the deformation
of the Cu06 octahedra around the substituted R + ion whose
ionic radius is smaller than that of La +. Figure 4(a) shows
the deformation around the R + ion when the mother
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FIG. 2. Doping concentration dependence of the thermal conductivity of
Laz —yNdyCu04 Laz xSr,Cu04, Laz, BaxCu04, LazCu1, zn, 04, and

LazCu1, Ni, 04 at 40 K. The results for Laz, Sr Cu04 and Laz Ba,
Cu04 are cited from Ref. 4.
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FIG. 3. Y dependence of Td2 of Lats75 yRySrpt2sCu04 (R=Nd, Sm,
Eu, and Gd) determined by the measurements of ~, v, , and S.
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FIG. 4. Deformation of the Cu06 octahedra around the substituted
R + ion whose ionic radius is smaller than that of La + {a)when the mother
Cu06 octahedra are not tilted and {b) when R ion is doped in the LTO1
phase where the mother CuOp octahedra are tilted around the [110]direc-
tion. The closed circle in the center means the substituted R + ion and
La + ions are not drawn. The arrows indicate the motion of the apical
oxygen of the Cu06 octahedra and the small thin arrows indicate the motion
of the lower apical oxygen of the Cu06 octahedra of the upper CuO layer.
While both LTO1 and LTO1' regions are orthorhombic, the tilting angle of
the Cu06 octahedra is larger in the LTO1 region than in LTO1' region.

Cu06 octahedra are not tilted. The apical oxygens of the
nearest Cu06 octahedra approach the R + ion and those of
the second nearest neighbors move away from the R + ion
and so on, as if the ripple extends from the R + ion. Figure
4(b) shows the deformation around the R + ion in the LTO1
phase where the tilt axes of the Cu06 octahedra are taken
along the [110]direction. By the superposition of the tilts of
the Cu06 octahedra induced by the R + ion and the tilts of
the mother Cu06 octahedra around the I110j direction in the
LTO1 phase, two L11' (or LTO2) regions appear around the
R + ion as shown in Fig. 4(b). The tilt axes are different by
90' between these two L'I I' regions. The lower apical oxy-
gens of the Cu06 octahedra in the upper CuO layer are ex-
pected to move as shown by the small thin arrows in Fig.
4(b) in order to get the energy gain for the Coulomb interac-
tion between the apical oxygens. Then, the tilt axis is rotated
by 90 from layer to layer. The structural transition is in-
duced when the L'l l' (or LTO2) region is connected by the
percolation as mentioned above. The same is true when the
ionic radius of the doped ion is larger than that of La +, as in
the case of the Ba + ion. The only difference is the direction
along which the apical oxygens of the Cu06 octahedra
around the Ba + ion move; that is, the apical oxygens of the
first and second nearest Cu06 octahedra move away from

and approach the Ba + ion, respectively. However, this dif-
ference between the R + and Ba + ions seems to be related
to the different pressure dependences of Tdz between these
two systems: dTd2/dP is positive in the former and negative
in the latter. ' ' In the present scheme, the coexistence of the
LTO1 and L'1 1' (or LTO2) phases is inevitable as shown in
Fig. 4(b) and the volume fraction of the LTO1 region de-
creases with the decrease of temperature below Td2 as a re-
sult of the expansion of the L'l 1' (or LTO2) region. These
were really observed in Lai 8758ap $25Cu04, where the L'I I'

volume fraction increases with the decrease of temperature
below Tdz and saturates to the value of -95% below -40
K. Although Ba + ions should be substituted at random, if
we simply assume that Ba + ions are ordered as one Ba +

ion for 4X4 La sites in La/875Bap&25Cu04, the structural
transition to the L'I I' phase is induced when the LTT region
extends to the second nearest Cu06 octahedra, which is con-
sistent with the results by Billinge, Kwei, and Takagi. ' At
the lowest temperature, the LTT region extends to the third
or fourth neighbors and one Ba + ion forms two domains as
shown in Fig. 4(b) and the domain size is —10 A Further-
more, it is also expected that the LTT volume fraction is
-30% at Td2 and -90% at the lowest temperature The do-

0
main size of -10 A is the same order as the antiferromag-
netic correlation length and the superconducting coherence
length and seems to play some role in the suppression of
T, around x-I/8, which was also pointed out by Billinge,
Kwei, and Takagi. Of course, in a real compound, as
Ba + ions are distributed at random, the domain size also
should be distributed.

As Fig. 3 shows, according to the difference of the y,
values, the R dopings are classified into two groups, i.e., Nd
and (Sm,Eu, Gd). In the latter systems, the y, value is small
(0.05-0.03) as mentioned above and the increase of Td2
with y above y, is very large. On the other hand, in the case
of Nd doping, the y, value is not small and the increase of
Td2 with y above y, is much smaller than the latter systems.
It is reported that in the case of Pr doping, the L'I I' or LTO2
phase does not appear even by as large an amount of doping
as y=0.85. Then, the R dopings are classified into three
groups of Pr, Nd, and (Sm, Eu, Gd). These classifications may
be explained as follows. In the case of Pr doping, due to the
small difference of the ionic radii between La + and Pr +

ions, the effect of the tilts of the nearest Cu06 octahedra does
not extend even to the second nearest neighbors and there-
fore, the cooperative structural transition is not induced. In
the case of Nd doping, the effect of the tilts of the Cu06
octahedra around the Nd + ion extends to the second nearest
neighbors at low temperatures and the structural transition to
the L'I j.

'
phase takes place at Td2 for Y~0.13. Because the

appropriate amount of Nd + ion is already doped at y„ the
effect of Nd doping is leveled, which may be the reason why
the increase of Td2 with y is rather small for y~y, . In the
case of Sm, Eu, and Gd dopings, the y, value is small. When
the effect of the tilts of the Cu06 octahedra extends to more
than fourth or fifth nearest neighbors at Td2, the y, value is
expected to be small. If we estimate it as a result of the
percolation of the LTT region simply by assuming that R +

ions are ordered, for example, the y, value is -0.06 and
-0.03 when one R + ion is substituted for 6X6 and 8X8 La
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sites, respectively. When the y, value is small, there still
remains a wide area of the LT01 region at Tdz. Then, Tdz
can be easily increased by further R doping into the LTO1
region. This may be the reason why the increase of Tdz with

y above y, is large in these systems.
It is known that in the case of Laz —yRyCu04, the system

is in the LTO2 phase below Tdz which is different from the
LI j.

'

phase in Lag 875Bao&z5Cu04. Which phase of the L'l l'

or LTO2 phase appears below Tdz seems to depend on
whether Td& is decreased or increased by the doping in
LazCu04. When Td& increases with y as in Laz yRyCU04,
the orthorhombicity at low temperatures becomes larger
than that of LazCu04 by the doping. Then, because of this
large anisotropy, it is difficult to induce the lattice distortion
with the same amplitude Qz as Qt for the tilts of the Cu06
octahedra in the LT01 phase, which leads to the LT02
phase. On the other hand, when Td& decreases with x as in
Laz „Ba„Cu04, the orthorhombicity at low temperatures be-
comes smaller than that of LazCu04 and it is easier to induce
the distortion with Q, =Q2 leading to the L'l l' phase. This

may be the reason why the LT02 phase appears in
Laz —y Ndy Cu04 and the LI I'

phase in Laz, Ba,Cu04 below
Tdz. As for the contribution from the carrier introduced by
Sr or Ba doping to the structural transition, it is considered as
follows. It is known that the a axis of LazCu04 is decreased
by Sr or Ba doping regardless of its larger ionic radius than
that of La + (Ref. 21), which indicates the important contri-
bution from the carrier to the shrinkage of the CuO layer. As
the a axis is dominated by the Cu-0 distance, the decrease of
the a axis means the decrease of the mismatch between the
CuO and LaO layer. Then, we can say that the existence of
the carrier introduced by Sr or Ba doping is favorable for the
appearance of the LI i' phase. Tdz of Laz „Ba Cu04 shows
the maximum at -70 K around x-0.14 and decreases with
x (Refs. 7 and 10) simply because Tdt decreases with x, i.e.,
the L'l 1' phase is suppressed by the lowering of the H'j. 1'

phase in a larger-x region, while Tdz of the Nd-doped system
does not show such a behavior but shows the continuous
increase with y because Td& is monotonously increased by
the doping.

Finally, we discuss the Cu-site-substitution effects on the
physical properties of Laz Sr Cu04. It is known that the
localization effect on the electrical resistivity by the Cu site
substitution is large in a small-x region and small in a large-x
region, the suppression of T, by the Cu site substitution is
large in a small-x region and small in a large-x region, and
the suppression of T, is larger by the Zn doping than by the
Ni doping. While of course, the di fference of the carrier
concentration and the difference of the Ni + ion being mag-
netic and the Zn + ion being nonmagnetic should be taken
into account, the above properties can be explained from the
standpoint of the local distortion induced by the doping as
follows. In a small-x region, due to the large orthorhombicity
at low temperatures, the lattice is soft and the local distortion
induced by the D doping is large as mentioned above. In a
large-x region, because of the small orthorhombicity, the lat-
tice is hard and the local distortion induced by the D doping
is small. This may be related to the reason why the localiza-
tion effect is larger in a small-x region than in a large-x
region and the suppression of T, by the D doping is larger in
a small-x region than in a large-x region. As mentioned
above, the lattice distortion induced by the D doping is larger
in the Zn-doping case than in the Ni-doping case; this is
possibly related to the larger suppression of T, in the former
than in the latter. In addition to the fact that Zn + is non-
magnetic and Ni + is magnetic, because the lattice distortion
induced by the D doping is larger in the Zn-doping case than
in the Ni-doping case, the antiferromagnetic correlation in
the normal state is much more easily destroyed by the Zn
doping than by the Ni doping. These may be related to the
different Cu-site-substitution effects on the transport and
magnetic properties in the normal state.
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