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Paramagnetic excitations in singlet ground state PrNi2Si2
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The dispersion curves for magnetic excitations along the principal directions of the Brillouin zone of the
singlet ground state compound PrNi2Si2 have been measured at 30 K by inelastic neutron-scattering experi-
ments in the paramagnetic phase. From these data we have extracted information about the main exchange
interaction coupling parametersJi j that are responsible for the appearance of an amplitude modulated magnetic
order in this compound belowTN520 K. The results are consistent with the long-range character of
Ruderman-Kittel-Kasuya-Yosida interactions because in order to describe the dispersion curves observed at 30
K it is necessary to consider the influence of the interaction to the eighth nearest-neighbor Pr31 ion along the
c direction. In addition, we have studied the thermal dependence of the excitations at several representative
points in the Brillouin zone that show an important softening as the temperature is lowered toTN .
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I. INTRODUCTION

During the last few years several theoretical and exp
mental studies have been devoted1–4 to the properties of in-
commensurate solids. Some of the well-known example
these types of solids are electrons in a crystal subjected t
external magnetic field, incommensurate crystalline str
tures, and magnetic materials with an amplitude modula
~AM ! arrangement of the moments. In the latter example
large effort has been dedicated to the understanding of
magnetic excitations in such materials using different ma
ematical techniques, although, due to the finite characte
the experimental resolution, some of the more detailed
pects of incommensurability have only a purely mathem
cal interest.

A large number of rare-earth intermetallic alloys ha
been found to exhibit AM ordering, at least in a limite
temperature range. This type of ordering is believed to b
consequence of the frustration of competing interactions
to the long-range and oscillatory nature of the indirect
change interactions of Ruderman-Kittel-Kasuya-Yos
~RKKY ! type and to the existence of a large uniax
anisotropy.5 At low temperature, in most of these com
pounds, multistep metamagnetism could be observed
consequence of the squaring up of a sinusoidal AM struc
in an applied field; the system undergoes several magn
transitions between the zero-field structure and the field
duced ferromagnetic arrangement. Under the application
magnetic field, the AM systems are generally characteri
by a smooth metamagnetic behavior that corresponds to
progressive vanishing of the modulation.

One of the first examples of a longitudinally modulat
incommensurate spin structure is Er metal, in which
spins order parallel to thec axis of the hcp crystalline struc
560163-1829/97/56~18!/11666~7!/$10.00
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ture. The transverse fluctuations in the AM structure of
which appears betweenTN584 K and 52 K, show a broad
energy distribution of neutron scattering owing to the spa
variations of the exchange and anisotropy energies, while
longitudinal fluctuations display rather sharp peaks that h
a linear dispersion relation.6 Several attempts were made
order to account for the magnetic excitations of Er me
without complete success.7 However, it has been recentl
shown that the experimental results in the ordered phase
in substantial agreement with the calculations obtained us
a random-phase-approximation~RPA! theory that involves a
N-sites diagonalization of the molecular-field Hamiltonian8

Nevertheless, there are still two significant inconsistenc
one aboveTN , because some of the calculated excitatio
are not observed; and the other belowTN , where RPA does
not account for the quasielastic signal detected for both
transverse and the longitudinal excitations.

The PrNi2Si2 compound is particularly interesting becau
it possesses an AM structure that is stable belowTN520 K
down to 0 K,9 owing to the existence of a nonmagnetic si
glet state as the crystal-field ground state. In PrNi2Si2 the
magnetic moments are also parallel to thec axis, as in the Er
metal, with a propagation vectorQ5(0,0,0.875) in reduced
units. For this reason this compound is a good candidat
study the magnetic excitations in AM systems over a la
temperature range. In order to achieve this objective i
necessary to determine the crystalline electric field~CEF!
and exchange coupling parameters which govern the m
netic behavior of the system belowTN . The CEF as well as
the exchange parametersJ(0) andJ(Q) have been obtained
from a complete joint analysis of different physical prope
ties of PrNi2Si2. In fact, the CEF level scheme leads to
nonmagnetic ground state well isolated from the other lev
a second singlet and a magnetic doublet as the first two
11 666 © 1997 The American Physical Society
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56 11 667PARAMAGNETIC EXCITATIONS IN SINGLET GROUND . . .
cited levels~see below!, thereby explaining the persistenc
of the AM arrangement over the whole ordered tempera
range.

The aim of this study is then to present a quantitat
analysis of the dispersion curves obtained from inela
neutron-scattering~INS! measurements at 30 K along th
main directions of the Brillouin zone using the RPA theo
described in detail in Ref. 10, as well as to analyze also
thermal dependence of the excitations at some represent
points of the Brillouin zone between 30 K andTN . This
paper will complete some preliminary results of this wo
published elsewhere10 and the main information we obtai
will be used in the future to explain the magnetic excitatio
in the AM phase.

II. EXPERIMENTAL DETAILS

A single crystal of PrNi2Si2 of approximately 1 cm3 was
prepared using the Czochralski method at the Laborat
Louis Néel. The purity of the crystal used in the prese
experiments is comparable to that of the crystal previou
investigated by us in Ref. 9~a5b54.047 Å and c
59.621 Å!. Most of the INS experiments reported here we
carried out at 30 K at the Oak Ridge National Laborato
~ORNL! and were performed on the HB2 and HB3 tripl
axis spectrometers located at the high-flux-isotope reac
Data were collected for several scattering wave vectok
along the main directions of the Brillouin zone~see Fig. 1!
both parallel and perpendicular to thec axis in the~010! and
(2110) planes. The INS measurements below 30 K~down
to TN520 K! were carried out at the Institute Laue-Langev
of Grenoble on IN 12.

At ORNL the monochromator and analyzer were t
~002! planes of pyrolytic graphite. In order to maintain op
mum focusing conditions because the incoming neutron
ergy is changed during each scan, all the measurements
constantk scans with the scattered neutron energy fixed
13.5 and 6.5 meV and with different collimations in order
produce energy resolutions@half width at half maximum
~HWHM!# of about 0.5 and 0.25 meV, respectively. A P
filter was placed in the scattered beam in order to red
possible spurius signals from harmonic wavelength conta
nation.

FIG. 1. Brillouin zone for a body-centered tetragonal lattice
dicating the different directions investigated in this research.
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The results obtained in both experiments were then c
voluted with a normalized Gaussian, the width of which w
adjusted to give the best agreement with the experime
results.

III. EXPERIMENTAL RESULTS

The dispersion curves of the paramagnetic excitations
PrNi2Si2 at T530 K are shown in Fig. 2 along the symmet
directions of the Brillouin zone that are depicted in Fig.
Three branches were observed over the measured en
range 1–9 meV. Two of them, those around 5 and 7.5 m
are almostk-independent and are mainly related to tran
verse and to longitudinal excitations, respectively,~see be-
low!. However, the lowest energy branch, corresponding
longitudinal excitation, has a well-defined dispersive char
ter in the range 1.8–3.5 meV, and it is already very disp
sive 10 K aboveTN . Moreover, the vectork5Q for which
the v(k) is minimum corresponds to the propagation vec
of the AM structure stabilized belowTN .

Typical scans of these excitations at 30 K are represen
in Fig. 3. Particular attention was paid to the spectra at
vectors associated with theG, Z, andQ points. It is worth
noting that althoughZ andQ are quite close to each othe
the variation ofv(k) in the vicinity of these points is quite
important. Furthermore, the data of Fig. 3 clearly confirm
the longitudinal or transverse nature of each of the obser
branches as commented before in reference to Fig. 2. In
since the low-energy peaks are found only for the scatte
vectork perpendicular toc* , these excitations must be lon
gitudinal. The measurements for the low-energy peaks n
Z were made with neutrons of energy of 6.5 meV in order
give an energy resolution of about 0.25 meV HWHM. O
the other hand, the high-energy peaks are seen fork both
parallel and perpendicular toc* . The intensity of the peak a
an energy transfer of;5 meV is much stronger in the scan
kic* . By contrast, the intensity associated with the 7.5 m
branch has appreciable value only fork'c* as is observed a

-
FIG. 2. Dispersion curves of the paramagnetic excitations

PrNi2Si2 at 30 K. The inset shows the detail of the minimum arou
Q. The solid line is calculated from the best fit~8 NN15 NN, see
below! of the lowest longitudinalL mode, while the dashed line
correspond to that in which only the 9 nearest-neighbor ions
considered at 30 K.
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FIG. 3. Constantk scans of the PrNi2Si2 compound at 30 K for severalk points ~G, Z, andQ!; the lines are least-squares fits.
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~100! and it has an almost negligible value fork alongc* ,
indicating that the longitudinal contribution is the most im
portant at 30 K. However, the data collected at 60 K~see Fig.
4! clearly shows that both longitudinal and transverse ex
tations are positioned at the same energies as for 30 K
have similar intensities at this higher temperature.

These features are in good agreement with the infor
tion obtained from a previous INS experiment on a pow
sample that allowed us to determine the CEF level schem
PrNi2Si2.

9 Figure 5 represents the CEF low-energy levels
this compound. This schematic picture could be used to id
tify the different branches observed in the present exp
ment. The lowest energy transfer corresponds to a longit
nal excitation from the singlet ground stateG1 to the first

FIG. 4. Constantk scans of the PrNi2Si2 compound at 60 K for
~0.7, 0, 2! and ~0, 0, 2!; solid lines are least-squares fits.
i-
nd

a-
r
of
f
n-
i-
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excited levelG2 , by means ofJz . The transverse excitation
centered at 5 meV is associated with a transition from
ground state to the second excited level, a doublet,G5

(1) by
J6. Lastly, the excitation detected around 7.5 meV is
lated in principle to two possible transitions: one betwe
the first excited levelG2 and the fourth excited leve
G1

(2)(L), and other betweenG1
(2) and G5

(2) levels (T). Nev-
ertheless, some puzzling results are not well understood
weak transverse excitation around 7.5 meV found at 30
(G1

(2)→G5
(2)) should be almost zero intensity at this tempe

ture due to the thermal population factor. However, it is d
tected in the spectra of Fig. 3. On the other hand, in spite
this fact, the ratio of intensities between the transverse
longitudinal excitations at 60 K~see Fig. 4! is in good agree-
ment with the calculations obtained using the CEF para

FIG. 5. Low-energy paramagnetic CEF level scheme
PrNi2Si2; arrows shows the main transitions observed by a pow
INS experiment around 3, 5 and 7.5 meV andJa ~a5z, 1 and2!
indicates the matrix element which connects both states.
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56 11 669PARAMAGNETIC EXCITATIONS IN SINGLET GROUND . . .
eters of Ref. 9, showing that both types of excitations
present.

In order to extend the information obtained at 30 K in t
experiment at ORNL we have investigated the thermal
pendence of the dispersion curvesv(k) at G, Q, andZ to see
if there is ~or not! a soft mode at these points. The therm
dependence ofv(k) is depicted in Fig. 6. The energy atG is
almost temperature-independent, while forQ and Z, their
values decrease when the temperature decreases; the
tion of v(k) at Q being larger than that atZ between 30 K
and TN , since the softening reachs about 50%. Howev
neither excitation corresponds to the case of a complete
mode. An important difference between these two mode
the behavior of their energy widthsg5HWHM ~see lower
part of Fig. 6!. At 30 K both g are large, have only an
inelastic character~at IN 12 the elastic peak has ag of 0.2
meV! and they are quite similar in magnitude. But close
TN the behavior ofv(Q) suggests a strong critical behavio
v(Q) becomes quite small and quite large, being around
at 20 K as reflected in Fig. 7.

IV. THE RPA FORMALISM

Our starting point is the simplest model used to descr
the occurrence of most of the observed properties in r
earth magnetism. For the case of tetragonal symmetry,
Hamiltonian could be written as

FIG. 6. Upper part: thermal dependence ofv(k) for G, Q, and
Z. Solid lines are calculations using theJi j parameters obtained
from the least-squares procedure~see text!. Lower part: thermal
dependence of HWHM for these transfers showing the chang
nature from inelastic to quasielastic type atQ when the temperature
decreases. The lines are only guides for the eyes.
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0O6

0~ i !1B6
4O6

4~ i !

2(
i . j

Ji j Ji•Jj . ~1!

The first term represents the single-ion CEF interaction
volving the Stevens operatorsOl

m , whereas the second on
corresponds to the RKKY indirect exchange interactions.
order to determine the spectrum of the paramagnetic exc
tions, the formalism of the generalized susceptibiliti
Gab( i , j ,t) (a,b5z,1,2) can be introduced,11 since the
poles of their Fourier transformGab(q,v) give rise to the
energy spectrum. Solving the equation of motion for the
functions within the RPA theory leads to a linear system
coupled equations

Gab~q,v!5gab~v!2J~q!gaz~v!Gzb~q,v!

2 1
2 J~q!„ga1~v!G2b~q,v!

1ga2~v!G1b~q,v!…, ~2!

where the single-ion CEF susceptibilities are given by

gab~v!5(
m,n

^muJaun&^nuJbum&
v2vn1vm

~ f m- f n!

with f m and f n the thermal population factors of the CE
states um& and un&, respectively, and J(q)
5( j Þ iJi j e

iq(Ri -Rj ) is the Fourier transform of the intersit
exchange coupling constantsJi j .

The solution of the linear system~2! requires to a decou
pling of the different excitation modes by using symme
rules for the matrix elements which appears ingab(v). Gen-
erally, longitudinal and transverse excitations can be se
rated, corresponding, respectively, togzz(v), g12(v), and
g21(v). These selection rules arise because one can ch
the axes of the coordinate system so that the expression

of

FIG. 7. Constantk scans of the PrNi2Si2 compound forQ at 29
and 20 K.



ea

-
y

a

of

th
e

ia

th
e

on
io

y
om

on

ve
with
ex-
f

the
ich
the

at
ore.

two
t is
Fig.
nge
rder
w-

sid-
oes

c-
ly
at

he
p

to

am-
t is
ror
e

r

11 670 56J. A. BLANCO, R. M. NICKLOW, AND D. SCHMITT
the eigenfunctions have several vanishing components, l
ing to the following equations:

Gzz~q,v!5gzz~v!2J~q!gzz~v!Gzz~q,v!,

G12~q,v!5g12~v!2 1
2 J~q!g12~v!G12~q,v!

~12↔21 !. ~3!

Hence the expression of the longitudinal modeL and the two
transverse modeT6 are

Gzz~q,v!5
gzz~v!

11J~q!gzz~v!
~L !

and

G12~q,v!5
g12~v!

11
1

2
J~q!g12~v!

~T1↔T2! ~12↔21 !. ~4!

As pointed out, the poles ofGab(q,v) determine the spec
trum of the magnetic excitations, which are then given b

11J~q!gzz~v!50 ~L !,

11
1

2
J~q!g12~v!50 ~T1↔T2! ~12↔21 !.

~5!

In this way, for a given wave vectorq0 , and knowing thev
dependence of the single-ion susceptibilitiesgab(v) from
the CEF Hamiltonian, the observation of an excitation at
energyv0 will allow us to deduce the correspondingJ(q0)
value through Eqs.~5!. Therefore, from the measurement
the whole dispersion curvev~k! inside the Brillouin zone,
one can experimentally obtain the Fourier transform of
exchange interactions and then one can make use of th
verse Fourier transform to extract theJi j exchange coupling
constants.

V. ANALYSIS AND DISCUSSION

The CEF parameters involved in the one-ion Hamilton
Eq. ~1! have been previously obtained9 and constitute the
starting point of the present analysis. In addition, from
magnetic measurements it was also determined that the
change coupling constantJ(0)520.2 K andJ(Q)52.3 K.9

As commented in Sec. IV, the Eqs.~5! allow us to determine
the Fourier transform of the intersite exchange interacti
J(q) whenever the CEF parameters and the dispers
curvesv(k) are known.

The theoretical values ofJ(q) as a function of the energ
transferv are represented in Fig. 8, and were obtained fr
the CEF parameters of Ref. 9 using Eqs.~5!. Five excitations
are expected in the experimental range 1–9 meV corresp
d-

n

e
in-

n

e
x-

s
n

d-

ing to the transfers: G2→G5
(1) (T); G1

(1)→G2 (L);
G1

(1)→G5
(1) (T); G1

(2)→G5
(2) (T); G2→G1

(2) (L). As deduced
from Fig. 8, only the second and the third excitations ha
appreciable dispersion behavior and they are associated
the lower energy branches of Fig. 2. However, the first
citation (G2→G5

(1)) has insignificant intensity, around 5% o
that associated with the longitudinalG1

(1)→G2 (L) excita-
tion, and only in a few scans are there any indications of
existence of this dispersiveless branch, the energy of wh
is 1.8 meV. Lastly, the transverse mode referred to as
transferG1

(2)→G5
(2) (T) is expected to have zero intensity

30 K due to thermal population factors as commented bef
In principle, in order to account for the minimum ofv(k)

at the propagation vectorQ of the AM magnetic structure
which appears belowTN , it is only necessary to take into
account the exchange coupling constants between the
nearest neighbors. However, with this information alone, i
not possible to describe the complete dispersion curve of
2. Therefore, we need to consider the additional excha
coupling constants between more distant neighbors in o
to account for all the important features observed in the lo
est energy longitudinal branch.

Increasing successively the number of neighbors con
ered in the calculations up to the ninth nearest neighbor d
not improve the fit, in particular atQ ~see inset of Fig. 2!.
However, when the more distant neighbors of the Pr31 ion
along thec direction of the body-centered tetragonal stru
ture of PrNi2Si2 are included, the results are significant
improved as is also shown in Fig. 2, where the minimum
Q is seen to be well described. This narrow minimum of t
dispersion curvev(k) aroundQ is associated with a shar
singularity in the electron conduction band along thec* di-
rection. In order to explain this feature it is necessary
consider high-order Fourier harmonics inJ(q). In Table I
the values of exchange coupling constantsJi j deduced from
the data are given. Because of the large number of par
eters involved in the analysis of the dispersion curves, i
quite difficult to give some idea of the magnitude of the er
bars in Ji j . However, it is worth noting that although th

FIG. 8. Theoretical variation ofJ(q) as a function of energy
transfer of magnetic excitations in PrNi2Si2 at 30 K using the CEF
parameters of Ref. 10~see text!. Also presented are the results fo
the longitudinal excitations at 20 K~g12 andgzz are the single-ion
CEF susceptibilities, see text!.
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TABLE I. Most important isotropic bilinear exchange coefficientsJi j representing the coupling with neighbor ions whose positions
defined byr 5(x,y,z) in PrNi2Si2. The results correspond to the cases of 8 nearest-neighbor~NN! ions along thec direction and 5 NN in
the basal plane~labeled 8 NN15 NN! and the 9 NN ions~labeled 9 NN!.

x,y,z 1 0 0 1
2

1
2

1
2 1 1 0 0 0 1 1

2
1
2

3
2 0 0 2 1

2
1
2

5
2 0 0 3 1

2
1
2

7
2 0 0 4

8 NN15 NN Ji j (K) 69 2181 91 142 24 224 18 25 13 256
9 NN Ji j (K) 17 2148 101 52 214
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exchange coupling constantJi j with the first nearest neigh
bors ~100! is positive, that with the second neighbor~1

2 , 1
2 ,

1
2 ! is strongly negative and its magnitude is responsible
antiferromagnetic ordering in this system. Note in Fig. 2 t
the parameters for the 9 NN case~see Table I! describe the
general behavior in all the investigated Brillouin zone qu
well, but they predict that the minimum inv(k) must be at
Z, and not atQ. This important feature which anticipates th
propagation vectorQ to be associated with the periodicity o
the AM magnetic structure belowTN , is reproduced as com
meted before, only by taking into account the more dist
neighbors along thec direction. The best fit corresponds to
neighbors along this direction and 5 neighbors which lie
the basal plane. The magnitudes of theJi j corresponding to
the interaction with these latter ions are not in general la
~see Table I!, but they are indispensible in the calculation
By using Eqs.~5! we can represent~see Fig. 9! the shape of
J(q) along the main directions of the Brillouin zone whic
where investigated„from Eqs.~5!, Figs. 2 and 9 are equiva
lent within the RPA…. A maximum is found for the valueQ
corresponding to the propagation vector of the AM magne
structure. Moreover, from this curve, the values ofJ(0)5
20.5 andJ(Q)52.4 K can be deduced, which are in goo
agreement with those determined previously from the m
roscopic magnetic measurements.9

TheseJi j parameters that are determined from the R
analysis of the dispersion curves, can also be used to ca
late the thermal dependence ofv(k) at the G, Z, and Q
points. The results are presented in Fig. 6. Although there
some obvious discrepancies between theory and the ex
mental results concerning the absolute values correspon

FIG. 9. The Fourier transformJ(q) of exchange coupling con
stantsJi j along the main directions of the Brillouin zone of th
body-centered tetragonal lattice of PrNi2Si2. Solid line corresponds
to the best fit using the intersite exchange parametersJi j of Table I,
corresponding to the case 8 NN15 NN.
r
t

t

n

e
.

c

c-

u-
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ri-

ing

to Z andQ ~the softening at theQ point between 30 and 20
K is calculate to be;85%, while experimentally we mea
sure a softening of only 50%!, the theory does correct predic
thatv(k) decreases more quickly forQ than forZ when the
temperature is lowered toTN , and that the mode atQ is not
a complete soft mode~see Fig. 7!. This type of large disper-
sion in the paramagnetic excitations was also found in
nonmagnetic ground-state systems Pr metal,12 PrSb~Ref. 13!
and Pr3T1.11 Further investigations are needed in order
understand the change of behavior of the HWHM rep
sented in Fig. 7 from inelastic to quasielastic type in t
vicinity of TN , in relation with critical effects.

In summary, the INS experiment performed in the sing
ground-state compound PrNi2Si2 has clearly shown the exis
tence of several branches of well-defined excitations hav
different polarizations in the paramagnetic phase along
main directions of the Brillouin zone. The lowest ener
branch shows a strong dispersion. This has been well
counted for quantitatively by a theory based on the gene
ized susceptibility formalism within the RPA, which allow
us to determine the isotropic bilinear exchange interact
constantsJi j between Pr31 ions. The analysis shows that th
coupling between distant Pr31 ions located along or near th
c direction is required in order to stabilize the AM magne
structure which corresponds to PrNi2Si2 below TN . This ef-
fect is related in some way to the conduction band and
topology of the Fermi surface. Furthermore, the enhan
ment ofJ(q) close toQ, as shown in Fig. 9, could be asso
ciated with this particular shape of the Fermi surface a
may also be one of the reasons for the strong anoma
deviation of the de Gennes law concerning the critical te
peratures of the seriesRNi2Si2,

14 which has also been ob
served in otherRAu2Si2 ~Ref. 15! and RCu2Si2 ~Ref. 16!
compounds. In order to account for these particular featu
on a more fundamental basis, band calculations are ne
sary. The indirect RKKY exchange interaction that can
related to the type of magnetic ordering involved is co
nected with the details of the Fermi surface via the gene
ized susceptibilityx(q) and its anomalies.
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