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Magnons and phonons in Nd2Cu04
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Antiferromagnetic magnons in Nd2Cu04, which is the mother material of the electron super-
conductor (Nd& — Ce„)2Cu04—r, are observed by Raman scattering. The eff'ective exchange in-

tegral estimated from the two-magnon peak energy is 1070 cm, which is unexpectedly large in

spite of the large Cu-Cu atomic distance compared with those in other superconducting oxides.
Lattice vibrations are also investigated. A large two-phonon peak due to the intralayer breathing
mode is observed at 1178 cm

The common properties of high-temperature supercon-
ducting oxides have been that (1) the carriers for the su-
perconductivity are holes, and (2) the basic structures are
Cu06 octahedra and Cu05 pyramids. Very recently
Tokura, Takagi, and Uchida' discovered a superconduc-
tor (L~ —„Ce„)2Cu04—r (L Nd, Pr, and Sm) in which
carriers are electrons. This material has no structural
component of octahedron or pyramid. In the case of
holes, they enter oxygen sites on Cu02 planes or at apexes
of Cu05 pyramids, and the spin interaction with Cu2+ d9
electrons is considered as the origin of the superconduc-
tivity in many models. If carriers are electrons, they enter
the 4s band or the upper-Hubbard band. The spin in-
teraction between itinerant electrons and Cu d electrons is
very different from the case of holes; therefore, most
theories are subjected to crucial inAuence. This Raman
scattering experiment was done to investigate the magnet-
ic properties of Nd2Cu04 which is the mother material of
electron-superconductor (Nd~ „Ce„)2Cu04 ~. The lat-
tice vibrations are also presented.

Samples used in this experiment are single crystals
grown by a Ilux method at the surfaces of molten sources
in crucibles. Raman scattering is made by a single-
channel photon counting method equipped with a double-
monochromator (Spex 1400) and an Ar-ion laser (Spectra
Physics 164). The laser beam of = 50-100 mW was fo-
cused on the area of 30&500 pm of the sample surface
using a cylindr'ical lens.

Figure 1 shows the Raman spectra measured with a
5145-A laser beam at 30 and 273 K. The notation of the
polarization configuration (x, x+y) indicates that the in-
cident light is polarized along the x axis but the scattered
light is not analyzed. However, the instrumental effi-
ciency of the x component is about four times larger than
the y component for the polarization analysis of the scat-
tered light in this experimental condition; therefore, the
spectra show effectively the (x,x) polarization com-
ponent. The 2890-cm' peak at 30 K is the two-magnon
scattering peak. At 273 K the peak energy decreases to
2810 cm ', but the intensity is almost the same. This
magnon is supposed to be a spin fluctuation of the local
antiferromagnetic spin order on the two-dimensional

CuOz layers as in the case of (La~,Sr„)2Cu04, YBa2-
Cu307 —y and Bi2Sr2Ca~ —„Y„Cu20s~~. The scatter-
ing intensity of the two-magnon peak in Nd2Cu04 com-
pared with phonon peaks is much larger than in the insu-
lating phases of other superconducting materials. It sug-
gests that the electron-magnon interaction in the Raman
process of this material is larger than that in other materi-
als.

The effective exchange interaction J*=1070 cm ' at
30 K is compared with other superconducting materials:
1200 cm ' in La2Cu04 (Cu-Cu distance is about 3.81
A), 1140 cm ' in Bi2Sr2Cap5Yp5Cu20s+ (3.84
A), 'P and 1010 cm ' in YBa2Cu306 3 (3.86 ). ' ' '

The Cu-Cu distance in Nd2Cu04 is 3.95 A. " If J* de-
pends only on the Cu-Cu distance, the expected J* is
smaller than in YBa2Cu307 —y contrary to the experimen-
tal results. This may be related with the crystal structure
of Nd2Cu04 which has no oxygen atoms above and below
Cu atoms. This suggests that the exchange interaction is
affected by the hybridization between Cu 3d electrons and
0 2p electrons at the sites deviated from CuOq planes in
the Cu06 octahedron or Cu05 pyramid structures.

The peaks at 1178 cm ' in the 30-K spectra (1158
cm ' at 273 K) is due to the two-phonon scattering of an
intralayer breathing mode of oxygen atoms. Peaks below
700 cm ' are mainly single-phonon peaks.

Figure 2 shows the incident wavelength dependence of
the Raman spectra. With the excitation of 4579 A, the in-
tensity of the two-phonon peak decreases, but the intensi-
ties of the two-magnon and single-phonon peaks are al-
most the same, which is different from the case of
(La~ — Sr, )2Cu04 and YBa2Cu307-~. This indicates
that the electronic levels of Nd2Cu04 related to the reso-
nant scattering have different interactions with magnons
from other materials.

The crystal structure of Nd&Cu04 is tetragonal
I4/mmm (D4t, ) (Ref. 11) and includes one molecular unit
per primitive cell as shown in Fig. 3. The translational
vectors are [ —,', —,', 2 ], [2, ——,', —,

' ], and [—2, —,', —,
' ].

The normal modes are A~g+Eg+A2 +E from the vi-
bration of two Nd atoms, A2„+E„from a Cu atom,
A2„+82„+2E„from two 0 atoms on the Cu02 layer,
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FIG. 1. (x,x) Raman spectra of Nd2Cu04 at 30 K (curve) and 273 K (dots) measured with the incident light of 5145 A.

and B~g+ Eg+ A2„+E„from two 0 atoms at the outside
of the layer. The A &z, 8~z, and Eg modes are Raman ac-
tive and the A2„and E„modes are infrared active. Fig-
ures 3(a)-3(d) show the atomic displacements of the
Raman-active modes. Figure 3(e) shows the intralayer
breathing mode which has strong electron-phonon interac-
tion.

Figure 4 shows polarized Raman spectra of N12Cu04
at 30 K excited with a 5145-A beam. The mode assign-
ments were made by comparing with similar modes in oth-
er high-T, superconducting oxides. ' ' The 230-cm
mode observed in the (x,x) and (z,z) spectra is assigned
to the A~z mode of Nd(1, 2) atoms [Fig. 3(a)l. The 344-
cm ' mode in the (x,x) spectra is assigned to the B~g
mode of 0(3,4) atoms [Fig. 3(c)],which disappears in the

(x',x') polarization configuration and is observed in
(x',y') with strength nearly equal to that in (x,x), where
x' and y' are [1,1,0] and [1,—1,0], respectively. The 494-
cm ' mode in the (x,z) spectra is assigned to the Es
mode of 0(3,4) atoms [Fig. 3(d)]. The last Eg mode of
Nd atoms is expected in the (x,z) spectra, but the 231-
cm ' mode observed in this polarization configuration is
probably the A ~g mode which appeared by small
misorientation of the sample. The 209-cm ' peak ob-
served in the (x,x) spectra at 30 K with B&z symmetry
becomes broad and merges into the background at 273 K.

The scattering observed at 400-700 cm ' in the
(x,x) spectra and at about 589 cm ' in the (x,y) spectra
is mainly single-phonon scattering activated by the anhar-
monic oscillation due to the strong electron-phonon and
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FIG. 2. (x,x) Raman spectra of NdqCu04 at 30 K with the excitations of 5145 A (curve) and 4579 A (dots).
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FIG. 3. Atomic displacements of the even-parity normal
modes: (a) the Alz mode of Nd(1, 2) atoms, (b) Ez of Nd(1, 2),
(c) Blz of O(3,4), (d) Es of O(3,4), and (e) the intralayer
breathing mode of O(1,2).
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magnon-phonon interactions, or imperfection of the crys-
tals. For this crystal structure the vibrations of O(1,2)
atoms on the Cu02 layers give only odd-parity modes
which are Raman inactive. However, the strong elec-
tron-phonon interaction gives rise to the two-phonon
scattering of the intralayer breathing mode [Fig. 3(e)] as
observed at 1178 cm ' at 30 K. The intralayer
breathing-mode energy 589 cm ' is comparable with the
three-dimensional breathing-mode energy 560 cm in

BaBi03, ' but smaller than the breathing-mode energies
in other superconducting materials; 716 cm ' in

La2Cu04, 650 cm ' in YBa2Cu306 3, and 677 cm ' in
Bi2Sr2Cap 5Yp 5Cu20si~.

In conclusion, the existence of antiferromagnetic mag-
nons in N12Cu04 is confirmed by two-magnon Raman
scattering. The strong scattering intensity and the
different resonant Raman effect from other high-

FIG. 4. Raman spectra of Nd2Cu04 at 30 K with the excita-
tion of 5145-A light. Allowed symmetries are Aiz and Biz in

the (x,x) spectra, Bzz in (x,y), A|s in (z,z), and Ez in (z,x).

temperature superconductors suggest the difference of the
electronic levels and the electron-magnon interaction in
this material.
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