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Paramagnetic excitations in singlet ground state PrNiSi,
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The dispersion curves for magnetic excitations along the principal directions of the Brillouin zone of the
singlet ground state compound P38, 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 parametedg that are responsible for the appearance of an amplitude modulated magnetic
order in this compound below =20 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-neighibmmPRalong 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 lowergg.to
[S0163-182607)03042-1

[. INTRODUCTION ture. The transverse fluctuations in the AM structure of Er,
which appears betweehy=84 K and 52 K, show a broad
During the last few years several theoretical and experienergy distribution of neutron scattering owing to the spatial
mental studies have been devdtédo the properties of in- variations of the exchange and anisotropy energies, while the
commensurate solids. Some of the well-known examples dongitudinal fluctuations display rather sharp peaks that have
these types of solids are electrons in a crystal subjected to ahlinear dispersion relatichSeveral attempts were made in
external magnetic field, incommensurate crystalline strucorder to account for the magnetic excitations of Er metal,
tures, and magnetic materials with an amplitude modulatetithout complete successHowever, it has been recently
(AM) arrangement of the moments. In the latter example, #hown that the experimental results in the ordered phase are
large effort has been dedicated to the understanding of th@ substantial agreement with the calculations obtained using
magnetic excitations in such materials using different matha random-phase-approximatiORPA) theory that involves a
ematical techniques, although, due to the finite character di-sites diagonalization of the molecular-field Hamiltonfan.
the experimental resolution, some of the more detailed adNevertheless, there are still two significant inconsistencies:
pects of incommensurability have only a purely mathemati-one aboveTy, because some of the calculated excitations
cal interest. are not observed; and the other bel®y, where RPA does
A large number of rare-earth intermetallic alloys havenot account for the quasielastic signal detected for both the
been found to exhibit AM ordering, at least in a limited transverse and the longitudinal excitations.
temperature range. This type of ordering is believed to be a The PrNySi, compound is particularly interesting because
consequence of the frustration of competing interactions du#é possesses an AM structure that is stable beTgy= 20 K
to the long-range and oscillatory nature of the indirect ex-down to 0 K? owing to the existence of a nonmagnetic sin-
change interactions of Ruderman-Kittel-Kasuya-Yosidaglet state as the crystal-field ground state. In R8Nithe
(RKKY) type and to the existence of a large uniaxial magnetic moments are also parallel to thaxis, as in the Er
anisotropy> At low temperature, in most of these com- metal, with a propagation vect@=(0,0,0.875) in reduced
pounds, multistep metamagnetism could be observed as wnits. For this reason this compound is a good candidate to
consequence of the squaring up of a sinusoidal AM structurstudy the magnetic excitations in AM systems over a large
in an applied field; the system undergoes several magnetiemperature range. In order to achieve this objective it is
transitions between the zero-field structure and the field innecessary to determine the crystalline electric figdEF)
duced ferromagnetic arrangement. Under the application of and exchange coupling parameters which govern the mag-
magnetic field, the AM systems are generally characterizedetic behavior of the system beldly, . The CEF as well as
by a smooth metamagnetic behavior that corresponds to thbe exchange parametelf) andJ(Q) have been obtained
progressive vanishing of the modulation. from a complete joint analysis of different physical proper-
One of the first examples of a longitudinally modulatedties of PrNySi,. In fact, the CEF level scheme leads to a
incommensurate spin structure is Er metal, in which thenonmagnetic ground state well isolated from the other levels,
spins order parallel to the axis of the hcp crystalline struc- a second singlet and a magnetic doublet as the first two ex-
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FIG. 1. Brillouin zone for a body-centered tetragonal lattice in-
dicating the different directions investigated in this research. FIG. 2. Dispersion curves of the paramagnetic excitations in
PrNi,Si, at 30 K. The inset shows the detail of the minimum around
cited levels(see belowy, thereby explaining the persistence Q. The solid line is calculated from the best @NN+5 NN, see
of the AM arrangement over the whole ordered temperaturelow of the lowest longitudinaL mode, while the dashed lines
range. correspond to that in which only the 9 nearest-neighbor ions are
The aim of this study is then to present a quantitativeconsidered at 30 K.
analysis of the dispersion curves obtained from inelastic
neutron-scatterindINS) measurements at 30 K along the  The results obtained in both experiments were then con-
main directions of the Brillouin zone using the RPA theory voluted with a normalized Gaussian, the width of which was
described in detail in Ref. 10, as well as to analyze also th@djusted to give the best agreement with the experimental
thermal dependence of the excitations at some representativ@sults.
points of the Brillouin zone between 30 K ang,. This
paper will complete some preliminary results of this work IIl. EXPERIMENTAL RESULTS
published elsewhet® and the main information we obtain ) ) ] o .
will be used in the future to explain the magnetic excitations The dispersion curves of the paramagnetic excitations in

in the AM phase. PrNi,Si, at T=30 K are shown in Fig. 2 along the symmetry
directions of the Brillouin zone that are depicted in Fig. 1.
Il. EXPERIMENTAL DETAILS Three branches were observed over the measured energy

range 1-9 meV. Two of them, those around 5 and 7.5 meV,

A single crystal of PrNiSi, of approximately 1 crhwas  are almostk-independent and are mainly related to trans-
prepared using the Czochralski method at the Laboratoirgerse and to longitudinal excitations, respectivésee be-
Louis Neel. The purity of the crystal used in the presentlow). However, the lowest energy branch, corresponding to a
experiments is comparable to that of the crystal previouslyongitudinal excitation, has a well-defined dispersive charac-
investigated by us in Ref. Ya=b=4.047A and ¢ terinthe range 1.8-3.5 meV, and it is already very disper-
=9.621 A). Most of the INS experiments reported here weresive 10 K aboveTy . Moreover, the vectok=Q for which
carried out at 30 K at the Oak Ridge National Laboratorythe w(k) is minimum corresponds to the propagation vector
(ORNL) and were performed on the HB2 and HBS3 triple- of the AM structure stabilized below .
axis spectrometers located at the high-flux-isotope reactor. Typical scans of these excitations at 30 K are represented
Data were collected for several scattering wave vegtor in Fig. 3. Particular attention was paid to the spectra at the
along the main directions of the Brillouin zorisee Fig. 1 ~ vectors associated with tHg Z, andQ points. It is worth
both parallel and perpendicular to thexis in the(010) and  noting that althougtZ andQ are quite close to each other,
(—110) planes. The INS measurements below 30dEwn  the variation ofw (k) in the vicinity of these points is quite
to Ty=20 K) were carried out at the Institute Laue-Langevin important. Furthermore, the data of Fig. 3 clearly confirms
of Grenoble on IN 12. the longitudinal or transverse nature of each of the observed

At ORNL the monochromator and analyzer were thebranches as commented before in reference to Fig. 2. In fact,
(002 planes of pyrolytic graphite. In order to maintain opti- Since the low-energy peaks are found only for the scattering
mum focusing conditions because the incoming neutron ervectork perpendicular ta*, these excitations must be lon-
ergy is changed during each scan, all the measurements wegéudinal. The measurements for the low-energy peaks near
constantk scans with the scattered neutron energy fixed aZ were made with neutrons of energy of 6.5 meV in order to
13.5 and 6.5 meV and with different collimations in order to give an energy resolution of about 0.25 meV HWHM. On
produce energy resolutiondhalf width at half maximum the other hand, the high-energy peaks are seerk footh
(HWHM)] of about 0.5 and 0.25 meV, respectively. A PG parallel and perpendicular t¥. The intensity of the peak at
filter was placed in the scattered beam in order to reducen energy transfer of 5 meV is much stronger in the scan at
possible spurius signals from harmonic wavelength contamiklic* . By contrast, the intensity associated with the 7.5 meV
nation. branch has appreciable value only karc* as is observed at
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FIG. 3. Constank scans of the PrN&i, compound at 30 K for sever#l points(I', Z, andQ); the lines are least-squares fits.

(100 and it has an almost negligible value foralongc*, excited levell’,, by means ofl,. The transverse excitation
indicating that the longitudinal contribution is the most im- centered at 5 meV is associated with a transition from the
portant at 30 K. However, the data collected at 6(se Fig.  ground state to the second excited level, a doutblgt, by

4) clearly shows that both longitudinal and transverse excig+ . Lastly, the excitation detected around 7.5 meV is re-
tations are positioned at the same energies as for 30 K arlgdted in principle to two possible transitions: one between
have similar intensities at this higher temperature. the first excited levell', and the fourth excited level

_ These. features are in good agreement with the mformaf(lZ)(L), and other betweeﬁ(lz) and ng) levels (T). Nev-

tion obtained from a previous INS experiment on a powdelgrtheless, some puzzling results are not well understood; the
sample that allowed us to determine the CEF level scheme Qfeak transverse excitation around 7.5 meV found at 30 K
PrNi,Si,.° Figure 5 represents the CEF low-energy levels of(r(lz)_>1~§_)2)) should be almost zero intensity at this tempera-
this compound. This schematic picture could be used to idery, ¢ gye to the thermal population factor. However, it is de-
tify the different branches observed in the present expefifected in the spectra of Fig. 3. On the other hand, in spite of
ment. The lowest energy transfer corresponds to a longitudigis tact, the ratio of intensities between the transverse and

nal excitation from the singlet ground stdfg to the first longitudinal excitations at 60 Ksee Fig. 4is in good agree-
ment with the calculations obtained using the CEF param-
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PrNi,Siy; arrows shows the main transitions observed by a powder
FIG. 4. Constank scans of the PrNBi, compound at 60 K for  INS experiment around 3, 5 and 7.5 meV ahd(a=z, + and—)
(0.7, 0, 2 and(0, 0, 2; solid lines are least-squares fits. indicates the matrix element which connects both states.
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from the least-squares proceduigee text Lower part: thermal _E Jijdi-J;. 1
dependence of HWHM for these transfers showing the change of =
nature from inela_stic to quasielast.ic typeQaivhen the temperature  The first term represents the single-ion CEF interaction in-
decreases. The lines are only guides for the eyes. volving the Stevens operato®", whereas the second one
corresponds to the RKKY indirect exchange interactions. In
eters of Ref. 9, showing that both types of excitations areorder to determine the spectrum of the paramagnetic excita-
present. tions, the formalism of the generalized susceptibilities
In order to extend the information obtained at 30 K in theG*?(i,j,t) (a,8=2,+,—) can be introduced: since the
experiment at ORNL we have investigated the thermal depoles of their Fourier transfor“#(q,w) give rise to the
pendence of the dispersion curveék) atT’, Q, andZ to see  energy spectrum. Solving the equation of motion for these
if there is (or noY a soft mode at these points. The thermalfunctions Withi_n the RPA theory leads to a linear system of
dependence ab(k) is depicted in Fig. 6. The energy Btis ~ coupled equations
almost temperature-independent, while fgrand Z, their a o .
values decrease when the temperature decreases; the varia- #(0,0)=9"(0) = I(@)g*(«)G(g,w)

tion of w(k) at Q being larger than that & between 30 K — 33 (@* (0)GA(q,w)
and Ty, since the softening reachs about 50%. However, . s
neither excitation corresponds to the case of a complete soft +9% (0)G77(q,w)), @)

mode. An _|mportanF dlfference_between these two modes i§nere the single-ion CEF susceptibilities are given by
the behavior of their energy widthg=HWHM (see lower
part of Fig. 6. At 30 K both y are large, have only an <m|Ja|n>(n|JB|m>
inelastic charactefat IN 12 the elastic peak hasyof 0.2 9*f(w)=2> p——
meV) and they are quite similar in magnitude. But close to mn noeom
Ty the behavior ot (Q) suggests a strong critical behavior; with f_ and f, the thermal population factors of the CEF
w(Q) becomes quite small and quite large, being around 0.8tates |m) and |n), respectively, and J(q)
at 20 K as reflected in Fig. 7. =3,,J;;€9RR) is the Fourier transform of the intersite
exchange coupling constantsg .
The solution of the linear systef@) requires to a decou-
IV. THE RPA FORMALISM pling of the different excitation modes by using symmetry
rules for the matrix elements which appeargiif(w). Gen-

Our starting point is the simplest model used to describeerally, longitudinal and transverse excitations can be sepa-
the occurrence of most of the observed properties in rarerated, corresponding, respectively,dé( ), g* ~(w), and
earth magnetism. For the case of tetragonal symmetry, thg” " (). These selection rules arise because one can choose
Hamiltonian could be written as the axes of the coordinate system so that the expressions for

(fm'fn)
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the eigenfunctions have several vanishing components, lead-

ing to the following equations: PrNiZSiz |
G*(9,0)=9"( @)~ I g*(0)G*(q, ), T=30K .
+- +- 1 +- +- % * -1/g¥w) |
G (qw)=9" (0)=3J@)g" (0)G " (q,0) = :
- ° /g (w) ]
(+——+). 3 8
Hence the expression of the longitudinal madand the two L
transverse modé.. are 8 10 12
G? _ )] L FIG. 8. Theoretical variation of(qg) as a function of energy
1qw)= 1+J(q)g*4 ) (L) transfer of magnetic excitations in PgSi, at 30 K using the CEF
parameters of Ref. 1(see text Also presented are the results for
and the longitudinal excitations at 20 K™~ andg?? are the single-ion
+— CEF susceptibilities, see text
L 9" (o)
G (qw)=
1+3 J@)g" (o) ing to the transfers: I,—I'%M (T); T'M—T, (L);

rY—rd (1); TP-1@ (1); I,—T? (L). As deduced
from Fig. 8, only the second and the third excitations have
(T, oT) (+—o—+). 4) appreciable dispersion behavior_and they are associeted with
the lower energy branches of Fig. 2. However, the first ex-
As pointed out, the poles @*#(q,w) determine the spec- citation (',—T'{") has insignificant intensity, around 5% of
trum of the magnetic excitations, which are then given by that associated with the Iongitudinﬁl(ll)—>F2 (L) excita-
tion, and only in a few scans are there any indications of the

1+3()g*qw)=0 (L), existence of this dispersiveless branch, the energy of which
1 is 1.8 meV. Lastly, the transverse mode referred to as the
1+ =39 (0)=0 (T, T.) (+—c—+). transferl' (P —T'?) (T) is expected to have zero intensity at
2 30 K due to thermal population factors as commented before.
©) In principle, in order to account for the minimum ef k)

In this way, for a given wave vectay,, and knowing thes @t Fhe propagation vectc@ <_Jf the AM magnetic structure
dependence of the single-ion susceptibilitg®(w) from which appears below, it |s.only necessary to take into
the CEF Hamiltonian, the observation of an excitation at ariccount the exchange coupling constants between the two
energyw, will allow us to deduce the correspondidgq,)  nearest neighbors. However, with this information alone, it is

value through Egs(5). Therefore, from the measurement of NOt possible to describe the complete dispersion curve of Fig.
the whole dispersion curve(k) inside the Brillouin zone, 2- Therefore, we need to consider the additional exchange
one can experimentally obtain the Fourier transform of thec0UPling constants between more distant neighbors in order
exchange interactions and then one can make use of the if account for all the important features observed in the low-

verse Fourier transform to extract tig exchange coupling ©St €nergy longitudinal branch. . _
constants. Increasing successively the number of neighbors consid-

ered in the calculations up to the ninth nearest neighbor does
not improve the fit, in particular a (see inset of Fig. 2
However, when the more distant neighbors of th&"Ron

The CEF parameters involved in the one-ion Hamiltonianalong thec direction of the body-centered tetragonal struc-
Eq. (1) have been previously obtairednd constitute the ture of PrNjSi, are included, the results are significantly
starting point of the present analysis. In addition, from theimproved as is also shown in Fig. 2, where the minimum at
magnetic measurements it was also determined that the ef is seen to be well described. This narrow minimum of the
change coupling constad{0)=—0.2 K andJ(Q)=2.3K.°  dispersion curvas(k) aroundQ is associated with a sharp
As commented in Sec. 1V, the Eq$) allow us to determine  singularity in the electron conduction band along tfedi-
the Fourier transform of the intersite exchange interactionsection. In order to explain this feature it is necessary to
J(q) whenever the CEF parameters and the dispersiononsider high-order Fourier harmonics Jfq). In Table |
curvesw(k) are known. the values of exchange coupling constahfsdeduced from

The theoretical values af(q) as a function of the energy the data are given. Because of the large number of param-
transferw are represented in Fig. 8, and were obtained froneters involved in the analysis of the dispersion curves, it is
the CEF parameters of Ref. 9 using E@®. Five excitations quite difficult to give some idea of the magnitude of the error
are expected in the experimental range 1-9 meV correspontars inJ;; . However, it is worth noting that although the

V. ANALYSIS AND DISCUSSION
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TABLE I. Most important isotropic bilinear exchange coefficiedtsrepresenting the coupling with neighbor ions whose positions are
defined byr =(x,y,z) in PrNi,Si,. The results correspond to the cases of 8 nearest-neigNibdrions along thec direction and 5 NN in
the basal planélabeled 8 NN-5 NN) and the 9 NN ionglabeled 9 NN.

X,y,z 100 111 110 o001 i3 o002 332 o003 iiZ o004

8 NN+5 NN Ji;(K) 69 —181 91 142 —4 —24 18 -5 13 —56
9 NN 3;;(K) 17 —148 101 52 —14

exchange coupling constady with the first nearest neigh- to Z andQ (the softening at th€ point between 30 and 20
bors (100 is positive, that with the second neighb@r, 3, K is calculate to be~85%, while experimentally we mea-
1) is strongly negative and its magnitude is responsible fosure a softening of only 50%the theory does correct predict
antiferromagnetic ordering in this system. Note in Fig. 2 thatthat w(k) decreases more quickly f@ than forZ when the
the parameters for the 9 NN ca&ee Table )l describe the temperature is lowered 6y, and that the mode & is not
general behavior in all the investigated Brillouin zone quitea complete soft modésee Fig. 7. This type of large disper-
well, but they predict that the minimum i@ (k) must be at sion in the paramagnetic excitations was also found in the
Z, and not aR. This important feature which anticipates the nonmagnetic ground-state systems Pr met&rSb(Ref. 13
propagation vecto® to be associated with the periodicity of and PsT1.! Further investigations are needed in order to
the AM magnetic structure beloily, is reproduced as com- understand the change of behavior of the HWHM repre-
meted before, only by taking into account the more distansented in Fig. 7 from inelastic to quasielastic type in the
neighbors along the direction. The best fit corresponds to 8 vicinity of Ty, in relation with critical effects.
neighbors along this direction and 5 neighbors which lie in  In summary, the INS experiment performed in the singlet
the basal plane. The magnitudes of thecorresponding to  ground-state compound PgS8i, has clearly shown the exis-
the interaction with these latter ions are not in general largéence of several branches of well-defined excitations having
(see Table)l but they are indispensible in the calculations. different polarizations in the paramagnetic phase along the
By using Eqgs(5) we can represernsee Fig. 9 the shape of main directions of the Brillouin zone. The lowest energy
J(q) along the main directions of the Brillouin zone which branch shows a strong dispersion. This has been well ac-
where investigatedfrom Eqgs.(5), Figs. 2 and 9 are equiva- counted for quantitatively by a theory based on the general-
lent within the RPA. A maximum is found for the valu® ized susceptibility formalism within the RPA, which allows
corresponding to the propagation vector of the AM magnetiaus to determine the isotropic bilinear exchange interaction
structure. Moreover, from this curve, the valuesJg0)= constants];; between PY" ions. The analysis shows that the
—0.5 andJ(Q)=2.4 K can be deduced, which are in good coupling between distant Prions located along or near the
agreement with those determined previously from the mace direction is required in order to stabilize the AM magnetic
roscopic magnetic measurements. structure which corresponds to PgSi, below Ty . This ef-
TheseJ;; parameters that are determined from the RPAfect is related in some way to the conduction band and the
analysis of the dispersion curves, can also be used to calctepology of the Fermi surface. Furthermore, the enhance-
late the thermal dependence eofk) at thel’, Z, and Q ment ofJ(q) close toQ, as shown in Fig. 9, could be asso-
points. The results are presented in Fig. 6. Although there areiated with this particular shape of the Fermi surface and
some obvious discrepancies between theory and the experiray also be one of the reasons for the strong anomalous
mental results concerning the absolute values correspondirigviation of the de Gennes law concerning the critical tem-
peratures of the serie®Ni,Si,,** which has also been ob-
served in otheRAuU,Si, (Ref. 15 and RCu,Si, (Ref. 16
e : N compounds. In order to account for these particular features
PrNi _Si on a more fundamental basis, band calculations are neces-
22 sary. The indirect RKKY exchange interaction that can be
related to the type of magnetic ordering involved is con-
nected with the details of the Fermi surface via the general-
4 ized susceptibilityy(q) and its anomalies.
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