PHYSICAL REVIEW B

VOLUME 43, NUMBER 4

Raman scattering from spin fluctuations in
Pr, ,Ce,CuO,_,,Nd, ,Ce,CuO,_,, and Sm,_,Ce,CuO,_,

Izumi Tomeno, Masashi Yoshida, Kazuto Ikeda, Keishi Tai, Kenshi Takamuku, Naoki Koshizuka, and

Shoji Tanaka
Superconductivity Research Laboratory, International Superconductivity Technology Center,
Shinonome, Koto-ku, Tokyo 135, Japan

Kunihiko Oka and Hiromi Unoki
Electrotechnical Laboratory, Umezono, Tsukuba, Ibaraki 305, Japan
(Received 4 September 1990)

Antiferromagnetic excitations in single crystals of Pr, ,Ce,CuO,_,, Nd, ,Ce,CuO,_,, and
Sm,_ ,Ce,CuO,_, were investigated as a function of Ce concentration using Raman scattering at
room temperature. The introduction of electrons by Ce doping significantly broadens the two-
magnon peak in the B, mode, indicating that zone-boundary magnons become damped with in-
creasing Ce concentration. The existence of broad spin-pair-excitation spectra in the B, and B,,
modes at x =0.15 suggests that the short-range spin fluctuations persist in these electron-doped su-
perconductors. The energy of the spin-pair-excitation peak in Pr,_,Ce,CuO,_, is not affected by
doping up to x =0.2. This is similar in behavior to the Sm,_,Ce,CuO,_, system up to x =0.17.
The absence of softening of the short-wavelength magnons in these systems is in marked contrast to
the magnon softening behavior in La, ,Sr,CuO,_,. The Raman spectra in Pr, ,Ce,CuO,_,
make no distinction between the superconducting and the metallic regions. The highly damped
magnetic-excitation spectra support the picture that the spin-spin correlation length in the present
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systems decreases gradually with increasing Ce concentration.

I. INTRODUCTION

The role of spin fluctuations in copper oxide supercon-
ductors has been extensively investigated because of the
intimate connection between antiferromagnetism and su-
perconductivity. Raman scattering experiments' ~® have
demonstrated the existence of two-dimensional (2D)
zone-boundary spin-pair excitations within the CuO,
planes of La,CuO, and YBa,Cu;O4 Magnon-pair
scattering in parent crystals leads to the interpretation
that the exchange constants J between nearest-neighbor
Cu ions are much higher than the thermal energies kT,
where Ty is the Néel temperature. As holes are intro-
duced into the CuO, planes by adding oxygen or substi-
tuting Sr?™ for La’", two-magnon scattering peaks both
broaden and shift to lower energies. In heavily doped
La, ,Sr,CuO,_, and YBa,Cu;O¢,,, observations of
energy-independent spectra indicate that spin fluctua-
tions persist in the normal state of the superconductor
where antiferromagnetic (AF) long-range order is des-
troyed.

The electron-doped superconductors L,_,Ce,CuO,_,
(L =Pr, Nd, Sm, and Eu)” "® have the T’ tetragonal crys-
tal structure, where the Cu atoms are square-planar coor-
dinated by oxygens. In contrast to this, the Cu atoms in
hole-doped La,_,Sr,CuO,_, are surrounded by oxygen
octehedra. Raman scattering in Nd,CuO, and Sm,CuO,
(Refs. 10 and 11) showed that two-magnon features are
characterized by an exchange constant J of the order of
1000 cm™!. According to neutron-diffraction stud-
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ies,’>”!* Nd,CuO, and Pr,CuO, are 2D spin-1 Heisen-
berg antiferromagnets with 7, =250-270 K. Destruc-
tion of AF long-range order by doping is common to the
occurrence of superconductivity in all layered Cu-O-
based materials. In addition, a reduction annealing is re-
quired to induce superconducting (SC) behavior in the
L, ,Ce,CuO,_, system. In view of their suppression of
the Néel state, 1516 both electron and hole doping are ex-
pected to have an influence on the interaction between
nearest-neighbor Cu spins.

We carried out Raman scattering measurements on
single crystals of Pr, ,Ce,Cu0O,_,, Nd, ,Ce,CuO,_,,
and Sm,_,Ce,CuO,_, at room temperature, in the hope
of deriving the spin fluctuations versus Ce concentration
relationship. In particular, we examine the Raman spec-
tra in Pr, ,Ce,CuO,_, in the range up to x =0.2
and Sm, ,Ce,CuO,_, up to x =0.17. We compare
the present results with those for hole-doped
La, ,Sr,CuO, , and YBa,Cu;0,_, systems. The Ce
concentration dependence of B,, and B,, spectra strong-
ly suggests that short-range spin fluctuations remain in
the electron-doped superconductors.

II. EXPERIMENTAL PROCEDURE

A. Crystal growth and characterization

We performed most of the Raman experiments
using flux-grown single crystals. Platelike crys-
tals of Pr, ,Ce,CuO,_,, Nd, ,Ce,CuO,_,, and
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Sm,_,Ce,CuO, were grown from a CuO flux, using the
phase diagram for the Nd,0;-CuO system.!”!® Mixtures
with concentration ratios for [L,0;]:[CeO,]:[CuO] of
(15-7.5x):7.5x :85 (mole%) were heated in alumina cru-
cibles up to 1300°C, held at this temperature for 2 h,
cooled to 1000°C at a rate of 5°C/h, and then furnace
cooled to room temperature. A number of crystals with
large areas perpendicular to the ¢ axis appeared on the
surface of CuO flux. A typical crystal size was 3 X3X0.1
mm?. No polishing procedure was required, because the
flux-grown crystals had shiny flux-free surfaces. Energy-
dispersive x-ray analysis indicated that these crystals are
free from the Al contamination which may originate
from the alumina crucibles. Next, a cylindrical single
crystal of Pry3;Ceq5Cu0O,_, was prepared using the
traveling-solvent-floating-zone (TSFZ) method, as de-
scribed in detail previously.!” In this case, we sliced the
crystal perpendicular to the ¢ axis and polished the cut
surface. The x =0.15 samples were annealed in an Ar at-
mosphere at 920 °C for 48 h, and then quenched to room
temperature.

The Ce content in each sample was determined by in-
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FIG. 1. Change in lattice parameters a and ¢ with Ce concen-
tration x for single crystals used for Raman experiments. The
data for ceramic samples are taken from Takagi et al. (Ref. 8).
Straight lines represent least-squares fits to the data.
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ductively coupled-plasma (ICP) spectroscopy. The
highest x values for Ce concentration in the flux-grown
crystals are found to be 0.20 for the Pr, ,Ce,CuO,_,
system and 0.17 for the Sm,_,Ce,CuO,_, system. The
solubility limit of Ce may be different for the two sys-
tems. Electron-probe-microanalysis (EPMA) confirmed
that the Ce is uniformly distributed. Room-temperature
lattice parameters for the present samples were derived
from a least-squares analysis of 25 x-ray reflections mea-
sured using a Rigaku AFCS5R four-circle diffractometer.
Figure 1 presents the change in the lattice parameters a
and ¢ with Ce concentration. These single-crystal results
are consistent with the behavior in ceramic samples of
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FIG. 2. Susceptibility y for the crystals used in the Raman
experiments. The data for flux-grown crystals in (a) are taken
using the SQUID in the zero-field-cooled (ZFC) condition at a
field of H =30 Oe. The curves in (b) represent both ZFC and
field-cooled (FC) x at 10 Oe in Pr, 35Ceq 15CuO,_, crystal grown
with the TSFZ method.
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Nd,_,Ce,CuO,_,.*

Magnetization = measurements were  performed
using a Quantum-Design superconducting-quantum-
interference-device (SQUID) magnetometer. Figure 2
shows that the 7, values for the flux-grown crys-
tals are 13 K for Pr;Cey;sCuO,_,, 11 K for
Nd, 35Ceq ;sCu0,4— ), and 10 K for Sm, 3sCeq ;5CuO,_ .
The Pry 3sCey ;sCuO4_, crystal grown with the TSFZ
method exhibits a T, of 14 K. These values were slightly
lower than those for the ceramic samples with corre-
sponding compositions reported by Tokura et al.”. We
used these same samples for the Raman experiments.

B. Raman scattering

The Raman measurements were carried out in the
backscattering configuration at room temperature.
Linearly polarized light of SO mW at 4880 A from an
argon-ion laser was focused on a spot of 0.1 mm diameter
on the (001) plane. Scattered light was analyzed with a
Jobin Yvon U1000 double-monochromator and detected
using a Hamamatsu Photonics R943 photomultiplier. A
half-wavelength plate was attached to the laser on condi-
tion of rotating the incident optical polarization, and a
Polaroid polarizer was inserted at the entrance slit of the
monochromator. All the spectra were calibrated to a
standard lamp to correct for the response of the mono-
chrometer and detector. The polarization directions x
and y refer to the tetragonal axes, and x' and y' are rotat-
ed on the z axis by 45° from the x and y axes in the (001)
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FIG. 3. Raman spectra of the Pr,CuQO, single crystal at room
temperature. Solid lines represent the theoretical B,, and 4,
line shapes based on the classical 2D Heisenberg model. Broken
lines denote the deviation from the symmetric part in B}, mode.
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plane. The geometries (y’,x’) and (y,x) yield the B, and
B,, Raman spectra, respectively.® The configuration
(v',y') gives rise to the sum of the 4,, and B,, modes.
Thus we determine the 4,, spectra by subtracting the
(»',x") from the (y',y’) signals. The A4,, spectra are
therefore subject to the uncertainties of subtraction of
two numbers of similar magnitude as well as the stray
scattering.

III. RESULTS

Figures 3-5 show the B,,, B,,, and 4, spectra up to
8000 cm ! for the as-grown undoped crystals. The Ar
annealing has practically no effect on the Raman spectra.
Sharp structure below 1500 cm ™! in each mode is as-
cribed to phonon or two-phonon scattering. The simul-
taneous displacement of Cu and O atoms does not take
place in these phonon modes.!° Here we will only treat
the spectra due to magnetic scattering. The broad B,
peak in Figs. 3-5 originates from two-magnon interac-
tions. Characteristic features of the B, spectra are sum-
marized in Table I. Several points are notable for the re-
sults on Pr,Cu0O,, Nd,CuO,, and Sm,CuO,. (1) The ener-
gy fiw, for the peak-position is far larger than the
thermal energy kT =190 cm™~'. (2) The energy fiw, in-
creases with decreasing Cu-Cu distance a in the CuO,
plane. (3) Each spectrum has an asymmetric line shape
whose center of gravity fiw, is higher than the fio, value.
We calculate the #iw, value after the subtraction of pho-
non and background contributions, based on the assump-
tion that the background scattering decreases linearly
‘with increasing energy. (4) The A4, spectrum in each
parent crystal also has a peak at the same fiw,, value, al-
though its intensity is much lower than the B,, peak in-
tensity. (5) The B,, mode has a weak, energy-
independent intensity that is consistent with the selection
rules for the undoped crystals.

The Ce concentration dependence of the Raman spec-
tra is shown in Fig. 6 for Pr,_,Ce,CuO,_,, and in Fig.
7 for Sm,_,Ce,CuO,_,. Based on the phase diagram
presented by Uchida et al.,'” the flux-grown crystals
span the AF, SC, and metallic phases at 0 K; crystals up
to x =0.13 belong to the AF phase, the x =0.15 and the
x =0.17 samples are the SC phase, and the x =0.2 sam-
ple corresponds to the metallic phase. Doping in the AF
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region suppresses the B, peak intensity and significantly
broadens its linewidth. Figure 6(a) demonstrates this be-
havior for Pr,_,Ce,Cu0O,_, with x =0, 0.09, and 0.13.
In Sm, ¢Cey ;CuO,_,, the B;, mode exhibits a 2400-
cm ™! full width at half maximum (FWHM), double the
value for Sm,CuO,_,, as listed in Table I. In
Pr, ,Ce,Cu0O,_, and Sm,_,Ce,CuO,_, #iw, values for
the B, peak position are nearly constant in the AF re-
gion where the T is sensitive to the Ce concentration.
As illustrated in Figs. 6(b) and 7(b), the introduction of
electrons induces B,, intensity around #iw,. The A4,
peak disappears at high Ce concentrations. The 4, in-
tensity in Sm; ¢Ce; ;CuO,_, decreases slowly with in-
creasing energy. This is similar in behavior to the 4,
spectra for the highly doped crystals of Pr, 4Ce; ;CuO,_,
and Nd, 5Ceq ;5Cu0,_,,.

Magnetic scattering in crystals of SC and metallic con-
centration ranges is distributed over a wide energy scale,
as shown in Figs. 8 and 9. It is clear that both the
x =0.15 and the x =0.2 samples have extremely broad
B, peaks related to magnetic fluctuations.

Figure 8 exhibits the Raman spectra of
Pry 35Cep 15CuO, _, single crystals prepared with the flux
and the TSFZ methods. There is little discrepancy in the
features between the two crystals, indicating the intrinsic
spectra in the normal state of the electron-doped super-
conductor. Note that both B, and B,, spectra have
broad peaks in the range between 2000 and 4000 cm .
As illustrated in Figs. 9 and 10, similar behavior is found
for Nd, 35Cep 15CuO,_, and for Sm, 4sCe; ;sCuO,4_,,.

IV. DISCUSSION

A. Undoped crystals

We begin by interpreting Raman features for
L, ,Ce,CuO,_, (L =Pr, Nd, and Sm) in the AF region
in terms of a spin-wave theory including magnon-magnon
interactions. The Heisenberg Hamiltonian, which de-
scribes adequately the AF nature of undoped crystals, is
given by

H=J 3 S,»-Sj , (1)
(i,j)

where the sum is over nearest-neighbor pairs {i,j) of

TABLE I. Raman scattering features and related physical parameters for crystals in the AF region. Energies #iw, and %o, refer to
the peak and the center of gravity for two-magnon B, spectra, respectively. Exchange constants J were obtained from the classical

relation #iw, =2.7J.

#iw, (cm™) fio, (em™") FWHM (cm™") J (em™" Ty (K) a (A)
Pr,CuO, 2650 2990 1550 980 255° 3.948
Pr 4,Cep 0sCu0,_, 2650 2940 2000 980 160° 3.950
Pr 4,Ceo,13Cu0,_, 2600 2880 2000 960 120° 3.953
Nd,Cu0, 2750 3000 1200 1020 255° 3.934
Sm,CuO, 2800 3020 1200 1040 3.909
Sm, sCey ;CuO,_, 2800 2800 2400 1040 3.910

Reference 21.
"Reference 13.
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spins S;,S;. Here we neglect an anisotropy field which ~ where z =4 is the number of nearest-neighbor magnetic
determines the spin directions. Based on Eq. (1), the sites, k is the magnon wave vector. In the D,, symmetry

magnon dispersion relation is expressed as appropriate here, the Raman-scattering Hamiltonians
Hpy for the B|, mode and Hy. for the 4, mode are ex-
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(3) fields and o ;; is a unit vector connecting spin sites / and j.
Zone-boundary magnon-pair excitations dominate the
(4) B, spectrum, while zone-center magnon-pairs partici-
pate in the 4, spectrum. In the case of 2D square sym-

where E;,. and E are the incident and scattered electric ~ metry, Parkinson!® gave the Green’s function for the B,
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mode, by taking into account the magnon-magnon in- Nd Ce CuO,, 2=4880 A
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modes in Pr,CuO,_, are compared with the theoretical
curves obtained from the imaginary part of the Green’s
function. According to this calculation, the B,, spec-
trum exhibits a peak at #iw, =2.7J, while the 4,, intensi-
ty decreases gradually with increasing energy. The calcu-
lated B,, curve is normalized by setting its maximum
value equal to the observed peak, and the A4,, curve is
plotted using the same normalizing parameters. Table I
presents J values obtained from the relation fiw, =2.7J.
Based on Eq. (2), the density of magnon states becomes
significantly large at the zone boundary and small at the
zone center. Large difference in the density of states can
explain the observation that the B, peak intensities are
dominant over the broad 4, intensities.

The present J values listed in Table I are consistent
with the values deduced from the neutron scattering mea-
surement.?! Furthermore, the large-J values derived
from Raman experiments' ® in La,CuO,_, and
YBa,Cu;0¢, ,, are consistent with zone-center magnon
dispersion relations determined by inelastic neutron
diffraction.??~2® Consequently, the magnon-magnon in-
teraction can account for the essential features of the
peak in the B,, mode. The mixture of Cu 3dx2—y2 and O
2po orbitals is responsible for the large-J value, based on
the three-band Hubbard model. The exchange constant J
in Eq. (1) is expressed as®’

4ty 4t}

J
2 3
€, U 28p

, (5)

where ¢, is the Cu-O hybridization matrix element, €, is
the energy difference between Cu and O, and U is the on-
site Coulomb repulsion at a Cu site. As listed in Table I,
the J value derived from the B,, peak-position for each
L,CuO,_, increases slightly with decreasing Cu-Cu dis-
tance a. Equation (5) predicts the J versus a relationship,
on the assumption that ¢, is enhanced by the decrease in
a and that €, and U are nearly independent of a.

It has been pointed out that the conventional spin-
wave theory with S = 1 cannot account for the broad B,
line shape of layered Cu-O-based insulating materi-
als.!7%3% Figure 3 demonstrates that the observed By,
spectrum in Pr,CuO,_, extends to an energy higher than
the two-magnon cut-ff 4J =3920 cm™ !, and that its
linewidth (FWHM) is much broader than the prediction.
In contrast to the 2D spin-% case, the Green’s function
for the 2D spin-1 system gives an excellent fit to the two-
magnon line shape for K,NiF, using J =77 cm ™' (Ref.
31). We discuss the following three possibilities in order
to understand the extremely broad B, line shape in un-
doped Cu-O-based crystals.

One possible explanation is that a magnon damping
gives rise to the broadening of the B,, spectrum. Ac-
cording to Weber and Ford,* the Green’s function in-
cluding the magnon-damping term relaxes restrictions re-
garding the classical cut-off 4J. They suggest that mag-
non damping in undoped Cu-O-based materials is due to
the coupling to the continuum of electronic excitations
related to the free carriers. In the undoped Cu-O crys-
tals, the oxygen deficiencies may depend on the crystal-
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growth condition. The Ar annealing process, however,
exerts little influence on the two-magnon line shape in
L,Cu0O,_,. In view of these results, the broadening of
the spectrum is not caused by the oxygen deficiencies, but
the intrinsic behavior of the parent crystals. In
L,CuO,_,, magnons with the energy of 0.12 eV cannot
couple directly with charge-transfer (CT) excitations
whose energy is 1.5 eV.3>3% Tokura et al.*® reported
that the two-magnon line shapes in the Cu-O-based crys-
tals are independent of their CT gaps. We expect that
the energies of the zone-boundary magnons are consider-
ably higher than those of the phonons. Thus it appears
difficult to determine the common origin of magnon
damping in all the Cu-O-based host crystals. The phe-
nomenological treatment, 30 however, seems to be useful
in understanding the linewidth broadening by Ce doping,
as will be discussed later.

Another possibility is that quantum spin fluctuation
effects contribute to the deviation from the calculated
B, curve. The Heisenberg Hamiltonian in Eq. (1) can be
expressed as

H=J] 3 SS;+1J 3 (S787+878"), (6)
Cij) i,j)

where the spin operators S;* and S,  are defined as
S;"=87+iS? and S;” =S7—iS?. In the classical picture,
the Cu spins can be arranged so that all nearest-neighbors
have antiparallel alignment. Thus it follows that the
diagonal-next-nearest-neighbor Cu sites must have paral-
lel spins. The second term of Eq. (6), which includes
quantum fluctuations, reduces the average spin value
(S7) to three-fifths of the classical value S =1. Based on
the Ising series-expansion method, Singh et al.® and
Sulewski et al.!' showed that quantum spin fluctuations
contribute significantly to the broadening of the B, spec-
trum. Furthermore, the second term of Eq. (6) allows
both B,, and 4,, modes to become Raman active. The
quantum fluctuation theory yields the relationships be-
tween J and the cumulants of the line shape for each sym-
metry. Their calculation predicts that the centers of
gravity #iw, for B, and 4, spectra are equal to 3.6J and
that #wo, for the B,, spectrum is 3.9J. The relation
fiw. =3.6J for the B;, mode renormalizes the exchange
constant derived from the classical equation fiw, =2.7J
downward by 18%. The observed relation #iw. > fiw, is
compatible with the cumulants.

The oxygen-oxygen hybridization in the undoped crys-
tals may induce an additional coupling between the
diagonal-next-nearest-neighbor Cu ions. The Heisenberg
Hamiltonian including the diagonal exchange constant
J'" is given by3*~36

H=J 2 S,--Sj+J” 2 S;'S; , (7)
(iyj) (ik)

where the sums over {i,j) and {i,k ) denote all pairs of
nearest-neighbor and diagonal-next-nearest-neighbor
sites, respectively. The second term in Eq. (7) also renor-
malizes the magnon velocity at kK =0 (Refs. 34 and 35),
indicating the modification of the density of states. In
L,CuO,4_,, J" is expected to be considerably smaller
than J. The classical theory predicts that the small
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exchange-constant J'' only contributes to the lower-
energy part of the two-magnon spectra in the B, mode,
on the assumption that the second term is superposed by
the first term. This prediction seems inconsistent with
the prediction for Eq. (6), although Egs. (6) and (7) in-
clude the next-nearest-neighbor interaction. If we in-
clude a quantum fluctuation effect, Eq. (7) may yield real-
istic results. Unfortunately, the theoretical calculation
for Eq. (6) can provide only the cumulants. The two-
magnon line shape based on the quantum fluctuation
effect is highly desirable to understand the broad B,
spectrum in the 2D antiferromagnet.

A third alternative is that four-magnon scattering is
dominant at energies near 4J. In the case of La,Cu0O,_,,
Sugai et al.¥’ found a new spin-excitation peak at 4J be-
sides the two-magnon spectrum. They interpret the 4J
peak in terms of the four-spin cyclic exchange interac-
tion.3®3° Simple calculations based on Eq. (1) show that
the lowest energies to flip a cluster of two-, four-, and
six-spins are 3J, 4J, and 5J, respectively, in the spin-1,
2D square lattice. However, broad two-magnon features
in L,CuO, , prevent us from identifying the four-
magnon scattering. Figure 3 shows that near 3800 cm ™!
(3.9) the deviation from symmetry in the B, spectrum
has a peak whose intensity is about 20% of the two-
magnon peak. In the 3D antiferromagnets NiO and
KNiF; (Ref. 40), a clear distinction has been reported be-
tween the two- and four-magnon spectra, presumably be-
cause the product Sz is large. The ratio of four- to two-
magnon peak-intensities, 143, /15y, is about -1, in KNiF,
(Ref. 40). Such a small I, /I,,;, for KNiF; appears to
contradict the assumption that the four-magnon scatter-
ing in Pr,CuO,_, occupies 20% of the B,, intensity near
3.9J

The observed A4,, spectrum in Pr,CuO,_, may con-
tain the predicted broad featureless part at low energies,
but the observed 4,, spectra for Nd,CuO,_, and
Sm,CuO,_, appear to be unfavorable with respect to the
predictions. Each A, spectrum exhibits a peak whose
energy corresponds to #iw, in the B;, mode. The spin-
wave theory fails to predict that the 4, spectrum should
have a broad peak whose tail extends to energies higher
than 4J. Having the same #iw, values suggests that the
A, spectrum over a wide energy range is also caused by
magnetic excitations. The quantum fluctuation theory®!!
can account for the broad 4, spectrum characterized by
the center of gravity #iw, =3.6J.

B. Doped crystals up to x =0.13

Here we discuss the Ce doping effect on two-magnon
features in conjunction with the results for hole doping in
La, ,Sr,CuO,_, and YBa,Cu;O¢,,. The exchange
constant J derived from the two-magnon peak position is
found to be constant in the range 0 <x <0.13. Based on
the Ty versus x phase diagram,'® the Néel temperature
Ty in L, ,Ce,CuO,_, decreases with increasing x and
the partition between AF and SC states exists at x =0. 14
up to 20 K. The neutron diffraction results?! show that
the Ty values for Pr, ,Ce,CuO, , are 170 K for
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x =0.8 and 120 K for x =0.125. The room-temperature
Raman experiments establish that the damped two-
magnon scattering in L, ,Ce,CuO,_, exists at tempera-
tures considerably higher than T),. Consequently, the de-
struction of long-range order between the planes has little
influence on the short-range order interaction between
the nearest-neighbor Cu ions. The fact that J is insensi-
tive to T, means that a small interplanar-exchange-
constant J' plays an essential role in the long-range order
of L, ,Ce,CuO,_,. Thurston et al.?! showed that the
J'/J ratio in Nd,CuO,_, is 3.6 X 107 °. The existence of
spin-pair excitations above T can be attributed to the
fact that the intraplanar spin-spin correlation length & is
very large even above Ty .

Superexchange coupling between the two Cu ions is
mediated via the intervening O ions. Thus two-magnon
features may be explained in terms of the surrounding ion
state. The Ce doping in L, ,CuO,_, introduces elec-
trons at Cu sites, because O 2p orbitals are occupied. In
a localized picture, electron doping converts some part of
the Cu?* ions to Cu™ ions whose population is propor-
tional to x. The Cu ions have a nonmagnetic 3d'° or a
magnetic 3d°4s! configuration. In the 3d!° case, the
average number {z ) of nearest-neighbor magnetic sites is
reduced by substituting Cu™ ions for Cu®* ions. If (z)
is decreased by this mechanism, the Green’s function pre-
dicts that the two-magnon peak for the doped crystal
would shift slightly to lower energy. A linear decrease in
#iw, with substituted nonmagnetic atoms has been ob-
served in the 3D KNi,_, Mg, F; system.*' This behavior
indicates that exchange coupling is absent between the
Ni?* and Mg?™" ions. In view of the KNi,_, Mg, F; case,
the B, results for L, ,Ce,CuO,_, are inconsistent with
the localized picture that the nonmagnetic Cut ions are
randomly mixed with the § —1 Cu’" ions. There are
three possible explanations for the two-magnon behavior.
(1) Clusters of Cu?>* or Cu™ ions exist in the doped crys-
tal. In this situation, the creation of Cu™ ions by Ce dop-
ing is expected to have little effect on the local environ-
ment of Cu?*t ions whose spins are coupled by the ex-
tremely large J. (2) The electrons located at Cu™ ions
shift slightly to the surrounding Cu?* ions. We cannot
exclude the itinerant picture that the electrons donated
by Ce doping are distributed equally to all the Cu sites.
(3) If electrons donated by Ce doping produce the Cuds
state, Cu4s spins would then polarize by the s-d interac-
tion to screen partially the Cu3d spin. The effect of Cuds
electrons on the two-magnon feature may be small, com-
pared with the Cu 3d '° situation. In the three cases, the
Ce concentration may not be proportional to the decrease
in average number (z) of nearest-neighbor magnetic
sites. This interpretation is based on the fact that J is in-
dependent of the Ce concentration.

There are sharp differences in the doping effect on
magnon dispersion between electron- and hole-doped sys-
tems. In view of Eq. (2), the present results indicate that
there is no magnon softening near the zone boundary in
L, .Ce,CuO, , over the range 0<x <0.13. In
La,_,Sr,CuO4_, (Ref. 4) and YBa,Cu;O¢,, (Ref. 2),
depressed two-magnon peaks move to lower energy with



3018 IZUMI TOMENO et al. 43

increasing hole concentration, indicating magnon soften-
ing by hole doping.

In La, ,Sr,CuO,_,, holes added by Sr doping partici-
pate in O 2p orbitals in the CuO, planes, and copper
remains in the Cu’" state in the range up to x =0.3.
Holes at O~ ions acquire spin o which couples with the
nearest-neighbor Cu>" spins S, and S,. Aharony et al.*?
proposed the concept that the introduction of holes at ox-
ygen sites frustrates the AF spin-1 system. The exchange
J, between O~ and Cu?’' is much larger than the
unaffected superexchange J between Cu-Cu ions, because
both exchanges are related to the transfer integral 7. In
this situation, the Hamiltonian H =J, 0o-(S;+8S,) pre-
dicts that the Cu spins connected with O™ become paral-
lel to each other. The frustration caused by Sr doping de-
creases the J value between Cu-Cu ions and the average
number {z) of nearest-neighbor magnetic sites. Conse-
quently, the introduction of charges at Cu?>t or O~ sites
distinguishes the concentration dependence of two-
magnon features.

The Ce doping broadens the B,, line shape
significantly in L, ,Ce,CuO,_,, as shown in Figs. 6(a)
and 7(a). The broadening is ascribed to significant mag-
non damping near the zone boundary. The magnon-
damping behavior in the Raman spectra is consistent
with the zone-center results observed by neutron scatter-
ing in  La, ,Sr,CuO,_, (Refs. 22-25) and
YBa,Cu;Oq4 ., (Refs. 26-28). Presumably the presence
of nonmagnetic Cu™ ions or frustration due to hole dop-
ing gives rise to the magnon damping. In addition, low-
energy magnons may couple with the mobile carriers.
Thus the strong magnon damping occurs near the zone
center corresponding to the long-wavelength limit.

With increasing Ce concentration, an extremely broad
B,, peak appears near fiw,, while the 4, peak at i,
disappears. The observed behavior may be attributed to
the change in magnetic symmetry due to the introduction
of electrons. In the localized picture, the configuration
(»’,x') in the ordered x =0.5 crystal corresponds to (p,x)
in the undoped crystal. Note in Figs. 6(b) and 7(b) that in
the heavily doped crystals broad B,, peaks, which are
forbidden in D,, symmetry, are comparable to B 1g Peaks.
The fact that both (y',x’) and (y,x) yield similar spectra
in doped crystals supports the change in magnetic sym-
metry. In lightly doped crystals, the A, spectra have
broad, diffuse peaks, while in heavily doped crystals, the
A, intensity decreases with increasing energy. Since the
doped spin system requires an additional term in Eq.(1),
the 4,, spectra in doped crystals are expected to become
Raman active. Featureless 4, spectra in doped crystals
may correspond to the calculated curve presented in Fig.

C. Superconducting and metallic crystals

In the SC and the metallic phases both B, and B,
spectra exhibit extremely broad peaks whose positions
are nearly equal to 7w, in the AF phase. The extremely
broad peaks in both B, and B,, modes strongly suggest
that the short-range spin fluctuations between Cu atoms
persist in electron-doped superconductors. In addition,
the heavily damped magnetic excitations in this region

may be characterized by the concentration-independent J
value. In contrast, small, energy-independent Raman
scattering is found over a large energy range for super-
conducting La, ,Sr,CuO,_, (Ref. 4) and YBa,Cu;0¢ ,
(Ref. 2). The energy-independent response also originates
from spin fluctuations, in view of neutron
diffraction.??”2®  Therefore, the distinctive Raman
features in electron- and hole-doped superconductors
suggests that the spin-spin correlation length £ in
L, .Ce,CuO,_, is larger than that for
La, ,Sr,CuO,_, at the same x value. This is consistent
with neutron results.?"?* As shown in Figs. 6 and 7, the
magnetic excitations make no distinction between the SC
and the metallic region. This means that the correlation
length & decreases slowly with increasing Ce concentra-
tion x. This interpretation is compatible with the &
versus x relation observed for La, ,Sr,CuO,_, (Ref.
23).

V. CONCLUSION

We carried out Raman scattering experiments up to
8000 cm ™! at room temperature in order to investigate
magnetic excitations in L, ,Ce,CuO,_, (L =Pr, Nd,
and Sm) as a function of Ce concentration. The intrinsic
broad B, line shape in the undoped crystals is attribut-
able to quantum fluctuations. The introduction of elec-
trons by Ce doping significantly broadens the two-
magnon peak in the B, mode, indicating that zone-
boundary magnons become damped with increasing Ce
concentration. The energy fiw, of the two-magnon
peak-position in Pr,_,Ce, CuO,_, is not affected by dop-
ing up to x =0.2. Similar behavior is found for
Sm,_,Ce,CuO,_, up to 0.17. Therefore, the destruction
of long-range order between the planes has little influence
on the short-range order interaction between the
nearest-neighbor Cu ions. The lack of softening of
short-wavelength magnons in these systems is in marked
contrast to the softening behavior in La, ,Sr,CuO,_,.
With increasing Ce concentration, an extremely broad
B, peak appears near fiw,, while the 4, peak at i,
disappears. This phenomenon suggests that the introduc-
tion of localized electrons changes the magnetic symme-
try. In the SC phase of L, ,Ce,CuO,_,, both B, and
B,, spectra exhibit extremely broad peaks. This strongly
suggests that the short-range spin fluctuations between
Cu atoms persist in electron-doped superconductors.
The magnetic excitations make no distinction between
the SC and the metallic region. The present results com-
bined with the neutron diffraction results imply that the
correlation length £ decreases slowly with increasing Ce
concentration x. Comparison with the Raman results for
La, ,Sr,CuO,_, suggests that the correlation length in
the electron-doped superconductors is considerably
larger than that for the hole-doped superconductors.
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