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Calculation of the phonon dispersion curves for the high-T¢ superconductor NdLssCeo ~sCuO4 using a shell model has been 
performed. The frequencies at the zone centre were classified according to their vibrational character. The parameters of the 
model were adjusted to reach reasonable agreement with the available optical data on Ndt ssCeo tsCuO4. 

The high-T~ superconductor (HTS) 
Nd2_,CexCuO4 synthesized by Tokura et al. [ 1 ] has 
two prominent features. First of all, the supercon- 
ductivity in this material is due to electrons [2] but 
not to holes as is the case in all previously discovered 
high-T~ superconductors. This was achieved by Ce- 
doping of the initial pure substance Nd2CuO4. Sec- 
ondly, the Cu- and O-ions form CuO4 squares in- 
stead of tetrahedral CuO6 or pyramidal CuO5 struc- 
tures. Many physical properties of superconducting 
Nd_~_xCe~CuO4 have already been studied, but the 
reasons for quasiparticle pairing in it remain un- 
clear. Whether the mechanism of superconductivity 
is phononic or not. the investigation of the optical 
spectra of this superconductor is of special interest 
in itself. Neutron scattering measurements of phon- 
ons in Nd2_,CexCuO4 have not yet been done be- 
cause of the impossibility to obtain large enough sin- 
gle crystals. The first Raman spectra measurements 
wcrc carried out on ceramic samples of pure 
N d 2 C u O 4  by Sugai et al. [ 3 ] and yielded three of the 
four Raman-activc modes for this compound. Po- 
larized micro-Raman observations by Hadjiev et al. 
[4] led to slightly different values for these modes, 
which were later confirmed in polarized Raman 
spectra measurements on single cry'stals by Heyen et 
al. [5]. Recently infrared-active modes have been 
detected in single crystals and have been assigned by 
Crawford et al. [ 6 ] and by Heyen et al. [ 7 ]. The rig- 
orous analysis of the observed infrared spectra, car- 
ried out by the two groups, provides an unambigu- 

ous picture of the position and the symmetry of the 
infrared-active modes. Here wc present the results of  
the calculation of the phonon frequencies of 
Nd2_xCe, CuO4 at the F-point using a shell model. 
The parameters of this model taken from other com- 
pounds with perovskite-like structures were slightly 
adjusted to reach agreement with the available op- 
tical data for this HTS. The phonon spectra in three 
symmetry, directions were also calculated. 

The crystal structure of Nd,_,Ce.~CuO4 was de- 
termined by Tokura et al. [ 1 ]. This compound be- 
longs to the tetragonal system, space group 14/mmm 
( 17 Dan)  and crystallizes in the so called T '  phase. The 
body-centered tetragonal unit cell of this material is 
shown in fig. 1. The atoms in the unit cell have co- 
ordinates: two Cu-atoms - (0,0,0),  (½,~,~); four 
(O, ,O, . ) -a toms-  (½,0,0), (0, ½,0), (0, ½, ½ ), ( ½,0.½ )' 
four Nd-atoms - (O,O,+zNd), (O,O,--ZNj), 
(~,~,~+ZNd). (~,½,½--ZNO); four O.-atoms - 

I 0 I I 3 i (~,0,~ (3, ,~), (0,2,~),  (0,~,~), ). (The number of 
atoms is doubled because the unit cell is body-cen- 
tered tetragonal.) The parameters of the unit cell are: 
a=3 .94  ~,, c=12.08 ,~, and the Nd-position is 
ZN,a=0.352.  The site symmetry of the different at- 
oms in the standard Wyckoff notation is shown in 
table I. Only the Cu-atom has the highest symmetry. 
The other atoms occupy positions with lower sym- 
metry: the Ox- and Oy-atoms occupy position 4c, the 
Nd-atom position 4e, and the O~-atoms position 4d. 

Using the factor group theoretical analysis we de- 
termined the irreducible representations of the point 
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Fig. 1. The tetragonal unit cell of  Nd2_~Ce~CuO4. 

Table I 
Classification of  the normal modes. 

Atomic position Irreducible representations 

2Cu 2a A2u + Eu 
4 (Ox, Oy) 4c A2u 4- B2u 4- Eu 
4Nd 4e Ais+Azu+Es+Eu 
40~ 4d A2~ + B ~s + Es + E~ 

Ftot=Ats+ Bt~ + B2~ + 4A2u + 2Es+ 5Eu 
F,c = A2u + Eu 
l-'opt = A~s+ Bts+ 3A2u + 2E8 + 4E u 
Raman modes: A~s , Bts , 2E s 
Infrared modes: 3A2~, 4E~ 
Silent modes: B2~ 

group D4h under which the normal modes are trans- 
formed. The results are displayed in table I. Of all 21 
normal modes three are acoustic modes - A2u and 
E,, and the rest are optical ones. The infrared active 
modes are of the type A2u and E., the BEu is a silent 
mode and the A~g, the B~s and the Eg modes are Ra- 
man active ones. 

The lattice dynamics of Nd2_xCexCuO4 was de- 
scribed by a shell model, which has been often ap- 
plied to crystals with a perovskite structure. In this 
model, in order to allow for ion polarization, each 
ion consists of a charged core and an undeformable 
charged shell around it, the sum of the core and the 
shell charges, X and Y, yielding the ionic charge Z. 
The interaction between the various cores and shells 

consists of two parts. The long-range Coulomb in- 
teraction contains as parameters the ionic and shell 
charges only and can be calculated using a standard 
Ewald procedure. The short-range part of the inter- 
actions between the ions is well described by Born- 
Mayer potentials v ( r )=ae  -~', while the short-range 
interaction between the core and the shell of an ion 
is characterized by a force constant k. 

In the case of Nd 2 _ x C e x C u O 4  several simplifying 
assumptions were made, which reduced the number 
of model parameters. Namely, the ionic charges were 
fixed at their nominal values Z ( C u ) = + 2 . 0 0  and 
Z ( N d ) =  +3.08 (accounting for the 8% Ce 4÷ ions 
present). The ionic charge of the O-ion was deter- 
mined using the charge neutrality condition: 
Z(O)  =2.04. The short-range interactions between 
the ions in the form of Born-Mayer potentials as well 
as the core-shell interactions were considered iso- 
tropic. In our calculations we have taken account of 
the short-range Cu-O, Nd-O and O-O interactions 
between the nearest (NN) and next-to-nearest 
(NNN) neighbours only. As established by Lehner 
et ai. [ 8 ], the short-range potentials for a great num- 
ber of alkali halides and fluoridic perovskites are 
similar and can be transferred from one structure to 
another. This idea regarding the perovskite-like high- 
7~ compounds was spread by Kulkarni et al. [9 ], who 
showed that for a number of HTS the shell model 
parameters are indeed closely situated in the param- 
eter space. Following these propositions, we consid- 
ered as an initial set of parameters of the shell model 
the corresponding calculated values for several per- 
ovskite-like structures [ 9,10 ]. 

The available measured Raman and infrared fre- 
quencies [3-7] were used to determine the shell 
model parameters in a least-squares fitting proce- 
dure. The Raman frequencies were weighted by a 
larger factor than the infrared ones to account for the 
greater experimental accuracy of the former. The 
equilibrium conditions were used to eliminate the a- 
parameters for the three short-range interactions. 
Throughout the fitting procedure stability of the 
phonon spectra at the F, Z, X, and G~ points was also 
required. 

The results for the shell model parameters are given 
in table II. They can be compared with the calculated 
parameters of La2C uO4  [ 10 ] and a number of other 
HTS [9]. The former were derived using the avail- 
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Table I I 
Parameters of  the model: a, b - Born-Mayer  constants; k - core-shell force constant; Y -  shell charge; Z - ionic charge (v, - volume of 
the unit cell ). 

Interaction a b Ion Z Y k 
( e V )  (A -~) ( l e l )  ( l e l )  ( e 2 / ~ )  

N d - O  3018 3.13 Nd 3.08 1.63 314 
C u - O  5236 4.38 Cu 2.00 3.02 474 
O - O  167 2.95 O - 2.04 - 2.44 247 

able neutron scattering and optical data on La2CuO4, 
while the latter form an universal set of parameters 
obtained on the basis of optical data only. There is 
an agreement within 10% for the values of the b-pa- 
rameters given in refs. [ 9,10 ] and the present work, 
except for the short-range Cu-O interaction in which 
case in ref. [9] values reduced by about 25% were 
obtained and the corresponding a-parameters are 
several times smaller. The resulting Cu-O short-range 
forces are the largest ones and are comparable with 
these given in refs. [9,10]. The O-O forces are an 
order smaller than the rest. The shell charges of the 
Cu and O ions are very close to those in refs. [9,10], 
but the shell charge of the Nd ion is two times smaller 
than that of the La ion [ 10]. Using the shell charge 
Y and the core-shell force constant k, the free ion po- 
larizability can be expressed as a =  y2/k. This for- 

mula yields 0.79, 1.80, and 2.24/k 3 for the Nd, Cu 
and O ions, which nearly coincide with the corre- 
sponding results in ref. [9]. 

In table III are given the calculated phonon fre- 
quencies at the F-point in comparison with those ob- 
served by several groups. Most of the frequencies ob- 
tained by us do not deviate by more than 5% from 
the experimental ones, but there are some that ex- 
ceed these limits. These are modes including mainly 
Cu and O vibrations. A possible explanation of these 
results may be found in the simplicity of the ac- 
cepted model, namely, in the assumed isotropy of 
the short-range Cu-O interactions as well as the is- 
otropy of the core-shell interaction for the O-ions. 
The eigenvectors of all optical modes for 
Nd2_~,Ce.~CuO4 are illustrated in fig. 2. The entire 
phonon dispersion curves in three symmetry direc- 

Table III 
Measured and calculated phonon frequencies at the F-point (the transverse and longitudinal frequencies for each infrared mode are 
separated by a slash; all frequencies are in c m -  ~ ). 

Optical Measured frequencies 
mode 

Calculated frequencies 

Ref. [ 3 ] Ref. [ 4 ] Ref. [ 6 ] Ref. [ 7 ] Ref. [ 7 ] present 
work 

Ais 230 229 
B~s 344 330 

E I - _ 

494 488 
A2u 

B 2 u  

Eu 

228 228 230 228 
333 328 328 331 

- 161 147 
488 480 479 479 
134/146 134/144 138/148 142/145 
269/440 282/433 320/462 260/488 
505/555 516/559 492/506 527/534 

289 306 
129/140 132/139 136/157 131/162 
300/342 304/341 349/360 333/347 
350/437 353/432 399/446 348/439 
509/595 512/593 538/560 484/554 
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Fig. 2. Calculated eigenfrequencies and eigenvectors of all optical normal modes at the centre of the Brillouin zone (the transverse and 
longitudinal frequencies for each infrared mode are separated by a slash; all frequencies are in cm - ~ ). 

t ions in the Brillouin zone are presented in fig. 3. In 
order to check the transferability of the model pa- 
rameters we used them to calculate the phonon fre- 
quencies of La2CuO4 at F. The results are in good 
agreement with the observations. For example, the 
Raman  modes were obtained at 201 cm - t  and 470 
c m - '  (A, s modes);  76 cm - I  and 299 c m - '  (E s 
modes) .  The disagreement for the Raman  modes is 
not more than 15% and it shows that a more com- 

plicated model is needed to describe the dynamical  
properties of the two similar solids on a common ba- 
sis. This could be carried out when complete optical 
and neutron scattering data on these HTS is available. 

In summary,  we have obtained the shell model pa- 
rameters for NdE_xCe~CuO4 which provide reason- 
able agreement with the measured Raman and in- 
frared frequencies. For the unobserved Raman active 
mode E s (Nd)  a value of 147 c m - t  is predicted. The 
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Fig. 3. Calculated phonon dispersion curves in the [ q, 0, 0 ], [ q, q, 0 ] and [ 0, 0, q ] directions of the Brillouin zone ( the phonon frequencies 
are in cm-  t; the reduced wave vector components q are in units rt/a, a being the smallest lattice constant ). 

phonon dispersion curves in three symmetry direc- 
tions have also been calculated. 
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