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I. INTRODUCTION 

In rare-earth (RE) compounds single-ion excitations such as 
magnetic dipole and quadrupole excitons are possible due to tran
sitions between levels of 4f-electrons in a crystal electric 
field (CEF) III. It is well-known that the inelastic neutron scat
tering technique has proved to be a very powerful method of stu
dying the spectrum of elementary excitations, especially in me
tallic compounds. However, whereas it is relatively easy to see 
magnetic dipole excitons applying to the magnetic neutron scat
tering, it is very difficult to induce by neutrons electronic 
quadrupole transitions between different CEF-levels. They can 
be observed only in the hybridization regime with phonons. For 
example, an anticrossing of the phonons and electronic branch 
was observed with the help of the nuclear neutron scattering in 
the insulator Pr Al0,1 in the region of structural phase transiti
on at 151K/2~To our best knowledge, there were not such measure
ments in metallic systems. In the present paper we rPport the 
experimentallic investigation of coupled quadrupole-phonon exci
tations in the intermetallic RE compound PrNis .at temperature 
8K. 

2. THEORY OF COUPLED EXCITATIONS IN RE COHPOUNDS 

Theory of coupled excitations in RE compounds was considered 
in many papers (see review I 1! ) • Here we use a new approach de
veloped in paper 1 31 on the basis of the double-time-Green-func
tion (GF) method. The technique of differentiation with respect 
to the two times allows us to obtain the Dyson equation for the 
one-particle GF in a simple way. Comparison/3/ with inelastic 
neutron-scattering results for PrAl2 in the ferromagnetic phase 
shows excellent agreement between the calculated coupled magneto
vibrational modes and experimental spectrum. In the paramagnetic 
phase hybridization of quadrupole excitons and phonons in metal
lic systems wa~ predicted. 

The differential neutron cross section is expressed in terms 
of the phonon GF. For a standard Hamiltonian of RE metallic com
pounds with taking into account the interaction of RE ions with 
acoustic phonons (magneto-elastic interaction) the one-phonon GF 
in the random phase type of approximation has the form /3f: 
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In Eq. (I) D 0 (ii.w) is the phonon GF in the harmonic approximatior 
GF Gmn<tf,w) in paramagnetic phase describes single-ion quadru
pole excitations (quadrupole excitons): 

c,j2 -E 2 mn 

... Emn vmn VDID (fm-f n ) 2 

Gmn(q,w)• (2) 

where Emn are energies of transitions between CEF levels, 
fm - exp (-f3 Em) I( I exp (-f3E m)) is the occupation number of 

single-ion states.m Vmn •<miV(!i,q)ln>are the matrix elements of 
operators V(!i ;q) which are certain functions of components of 
!i operators depending on the symmetry of magneto-elastic coup

ling (for notation see /1/ ) • Elements V mn are calculated with 
the use of single-ion wave functions. As is seen from Eqs.(l), 
(2), the hybridization of quadrupole excitons and phonons arises 
provided matrix elements Vmn are not equal to zero. 

3. VAN VLECK PARAMAGNET PrNi 5 

Intermetallic RE compound PrNis is well-known as a Van Vleck 
paramagnet which is used for the adiabatic magnetic coupling. 
The CEF of PrNi 5 has been investigated by means of inelastic 
neutron scattering on a polycrystalline sample/4/.prNis has 
a hexagonal structure of CaCus type. The ground state multiplet 
3H 4 of Pr 3+ ions splits in CEF into three singlets r 1 , r 3 , 

r 4 and three doublets rsA ,· rsB , f6. At low temperatures 
( ~ ~!C~) ~~ly th~ lvwc~L ly~11~ l~v~i i~ uc~upieci. ~e wiii con
sider the low-energy transition r 4 -fsA at E .(4.3.:!:_0.3) meV 
which crosses the acoustic phonon. The wave functions of single
ion states are 

r 4 -level: 

f SA -level: 

0707 13> -0.707 I -3> , 

0.2198 I- 4> -00.9756 I+ 2>. 
+ -

(3) 

The symmetry of these wave functions and the magneto-elastic 
interaction operator allows the hybridization of quadrupolar 
excitons and transverse acoustic phonons in all three symmetric 
directions of the reciprocal hexagonal lattice. Using expres
sions for magneto-elastic interactions in hexagonal lattices 
derived in paper /S/ we obtain the operators vci. q)' which are 
nonzero for f 4 -fsA transitions, in the form 

2 

+ ey(q~) q z(JY J z+JzJy)] 

T-direction [100]: V {i,qx)-ez(q)qx(JxJz+JzJx) 

... 
I-direction:[OlO]: V(J,q )-e (q )q (JYJz~J~JY), 

y ~ y y 

where e(q) is the polarization vector for the transverse acous
tic phonon branch. Using the wave functions (3) we obtain matrix 
elements for Eq.(2) in the form 

( 1,2) vr ·r (!1) - -19.64g. 4 SA . (4) 

v (l, 2l(T). V (l, 2l(I) ·-9.82g. 
·f4 r sA ·r 4 r sA 

h re V
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2 

(},
2)((1,2) denote the states of doublet fsA) 

w e r 4 fsA • fsA f 4 
and the magneto-elastic coupling constant g was introduced. 

Now using Eqs. (I) and (2) we can obtain expression for the 
energy of coupled quadrupole-phonon excitations: 

w 2 
q± 

2 2 2 2 2 
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(5) 

where fr "'1 , f r- .o and c,, q is the phonon energy which can be 
4 ') ·\ 

approximated by the expression: '" -=.K O· The value of K ran hP 

chosen from phonon experimental data. Thus in Eq. (5) together 
with Eq. (4) we have one fitting parameter g (the coupling cons
tant for the interaction of RE ions with the lattice) which can 
be determined from experiments. The calculated dispersion rela
tion for the excitations given by Eq. (5) in T direction is re
presented in~ for the parameter g .0.05 meV. In this fi
gure the magnetic dipolar transition, the width of which is 
-0.7 meV/4/, is shown also by the dashed line with the vertical 
line which denotes the resolution in our experiments. 

4. EXPERIMENTS AND DISCUSSION 

The experiments were carried out at the reactor "Saphir" in 
the Institute flir Reactortechnic in Wlirenlingen using a triple 
axis, constant-Q, spectrometry. The measurements were performed 
at temperature 8K on a single crystal sample PrNi 5 with volume 
-0.4 em 3 which was grown by the Bridjeman method. The mosaic 
structure of the crystal was nearly 10#. An incident monochro
matic neutron beam with an energy of 13.7 meV focused in the 
monochromatic by a collection of a graphite single crystals was 
used. The halfwidth of the elastic peak f(w-0) was equal to 
0.7 MeV. 
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~· Calculated dispersion curves of the coupled 
quadrupole-phonon excitations in PrNis: ( 100] direction. 
The dashed line denotes the dipolar excitation. 

A series of experiments was made in the region 0.15< q < 0.5·A-1 

for q along the symmetric directions ~and T. Two well-defined 
almost dispersionless magnetic dipole transitions were observed 
at 4.25 meV and 13.5 meV, respectively. The low excitation is 
degenerated with the quadrupole transition but only the latter 
mode is allowed to interact with the transversal acoustic phonon 
in region 0.2 < q < 0.35 ;,-1. Figure 2 displays the measured in
tensity distributio~ at Q .. (0.1, 0.1, 2.0). From our scans we are 
not able to obtain the additional peak which must appear in the 
anticrossing region. The main reason for this we see in the low 
energetic resolution of measurements. 

Nevertheless, there are indirect indications of the hybridi
zation of quadrupole and phonon excitations. In Fig.) the q-de
pendence in T -direction is shown of the energy of the dipole 
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Fig.2. Energy spectra of a canst. Q-scan inPrNi5 at 
~ 0.1, 2.0) R: resolution width. 

magnetic (squares) and phonon (circles) excitations, which was 
obtained from the experimental spectra. For two points in the 
anticrossing region in Fig.3 we could not separate different 
contributions to the scattering. As one can see from Fig.3 the 
dipole exciton energy is higher before the crossing pain than 
after it. This can be interpreted as additional contributions to 
the cross section from the scattering on coupled quadrupole-pho
non excitations which lead to the displacement of the center of 
mass of peaks to the region of high energy before and low energy 
after the crossing point. 

Using Eq. (5) we can obtain the value of two-branch splitting 
(see fig. I) 1ru at the crossing point. It has a linear depen
dence on the coupling constant g at small g. As we cannot resolve 
the splitting \w in our experiments, we can state on~y that 
~w < 0.07 meV; and as a result, we obtain that g < 0.07 meV. 
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Fig.3. Excitations in P.rNI .. • at 8K 1 ~ a ong [100] -direction. 
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AKceHoB B.n. H AP· El4-82-461 
CBH3aHHbie KBagpynonb-cl>OHoHHble B036YJK,~J;eHHH: 

Heynpyroe pacceHHHe HeHTpoHoB Ha napaMarHeTHKe BaH ~JieKa PrNi 5 

llpoBegeHbi 3KcnepHMeHTbi c noMo~biO Heynpyroro pacceHHHH 
HeHTpOHOB Ha MOHOKPHCTaJIJie PrNi5 /0,4 CM3/ npH TeMnepaType 
06pa3~a 8K, lf3MepeHbl AHCUepCHOHHble KpHBbie aKyCTH'IeCKHX none
pe'!HblX cPOHOHOB H HH3K03HepreTH'IeCKHX MarHHTHbiX B036YJK,I];eHHH 
B !l- H T -HanpaBJieHHHX. A.HaJIH3 o6nacTH nepece'leHHH 3THX 
B036YJK,IJ;eHHH llOKa3biBaeT, 'ITO llOHBJIHeTCH AOllOJIHHTeJibHaH HHTeH
CHBHOCTb B HAepHOM H MarHHTHOM AHllOJibHOM pacCeHHHH H3-3a 
MarHHTO-ynpyroro pacceHHHH, 06CYJK,!J;aiOTCH rH6pHgH3HpOBaHHbie 
CneKTpbl cPoHOHOB H KBagpynOJibHbiX 3KCHTOHOB, 

Pa6oTa BblllOJIHeHa B na6opaTOPHH TeopeTH'IeCKOH cPH3HKH 
H na6opaTOPHH HeHTPOHHOH cPH3HKH OKHH. 

Aksenov V.L. et al. El4-82-461 
Coupled Quadrupole-Phonon Excitations: 
Inelastic Neutron Scattering on Van Vleck Paramagnet PrNi 5 

Inelastic neutron scattering experiments on a single 
crystal PrNis (0.4 cm 3) were performed at the sample tempera
ture T ~ BK. The dispersion relations of the acoustic trans
verse phonons and the low-energy magnetic excitations were 
measured in the Tand /);-directions. An analysis of the inter
section region of these excitations shows that an additional 
neutron intensity to the nuclear and magnetic dipolar scat
tering occurs due to magneto-elastic scattering. The hybri
dized spectra of phonons and quadrupole excitons are discussed 

The investigation has been performed at the Lab"oratory 
of Theoretical Physics and the Laboratory of Neutron Physics, 
JINR. 
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