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Multiple magnetic singlet-singlet excitations in intermetallic PrNiSn
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Inelastic neutron-scattering experiments have been carried out on a polycrystalline sample of PrNiSn, and
seven of the eight excited crystal-field singlets of the Pr ions were detected. The system stays paramagnetic, at
least down to 0.9 K, and the three principal susceptibility components have been measured on a PrNiSn single
crystal between room temperature and 1.7 K. The crystal-field excitations of the single crystal at low tempera-
tures have been studied by triple-axis neutron spectroscopy. Dispersive effects are observed for three different
levels of singlet-singlet excitations. The results are analyzed in terms of a mean-field/random phase approxi-
mation model, and it is concluded that the exchange interaction is highly anisotropic and of long range. The
critical ratio between the maximum of the exchange interaction and that required for inducing a magnetic
ordering of the singlet ground-state system is derived to be 0.48, leading to a predicted ordering temperature of
6 mK for the combined electron-nuclear magnetic system.
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I. INTRODUCTION

PrNiSn is a member of the RTX series of intermetallic
compounds. The rare-earth systems RNiSn cover a wide area
within magnetism; CeNiSn and YbNiSn show Kondo pheno-
mena,'2 and the heavy rare-earth Gd, Dy, Ho, and Er com-
pounds order antiferromagnetically.>* Of the light rare
earths,” NdNiSn is found to order antiferromagnetically,®’
whereas heat capacity measurements® indicate that PrNiSn
stays nonmagnetic down to 0.9 K. In comparison with the
other RNiSn compounds, relatively little work has been done
on the magnetic properties of PrNiSn. Here, we present in-
elastic neutron-scattering experiments and susceptibility
measurements on PrNiSn: a preliminary account has been
published in Ref. 8. The single-crystal susceptibility mea-
surements and the neutron-scattering experiments on a poly-
crystalline sample have been used to derive the crystal-field
(CF) Hamiltonian of PrNiSn, as presented in Sec. II. The
experimental dispersion along symmetry directions of the
three lowest crystal-field levels has been determined from
single-crystal studies and is compared with the excitation
spectrum derived from the CF Hamiltonian of Sec. II. The
crystal structure of PrNiSn belongs to the same space group
as HoFj, and the random phase approximation (RPA) theory
applied in the present work is equivalent to the one devel-
oped previously for the case of HoF;.”!! These matters are
discussed in Sec. III, and the conclusion is given in Sec. IV.

II. CRYSTAL-FIELD HAMILTONIAN

The crystal structure of PrNiSn is the orthorhombic
TiNiSi structure (space group number 62, Pnma) with the
lattice parameters a=7.3848 A, b=4.5193 A, and ¢=7.5985
A (at 1.7 K). The Pr ions are located at the site 1, (x,i,z);

site 2, (—x,%,—z); site 3, (%+x,3—t,%—z); and site 4, (%—x,%,
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%+z); where x=-0.0214 and z=0.6967. The numbering of
the sites from 1 to 4 defines the four different Pr sublattices.
The projection of the unit cell on the ac plane is shown in
Fig. 1.

The point symmetry at the Pr sites is low. The only sym-
metry element at these sites is the mirror plane perpendicular
to the b axis. Assuming x, y, and z to be along the a, b, and
¢ axes of the crystal, respectively, this symmetry element
removes the Stevens’ sine operators from the CF Hamil-
tonian of the Pr ions leaving 15 independent parameters:

!
Hor= 2 2 Bl'O}(c). (1)

1=2,4,6 m=0
The additional symmetry elements of the crystal imply that
each of the parameters with m even are common for all four
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FIG. 1. The unit cell of PrNiSn projected onto the ac plane. The
solid (open) symbols indicate the ions in the ac layer at b/4(3b/4).
The arrows indicate the direction of the ordered moments below a
predicted Ty=6 mK (see Sec. V).
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Pr sublattices, whereas the terms with m odd have opposite
signs for the Pr ions belonging to the sublattices 3 and 4 and
those belonging to the sublattices 1 and 2. The different signs
of the odd-m terms do not affect the positions of the crystal-
field levels, and because of the low symmetry the J=4
ground-state multiplet of the Pr** ions is expected to split up
into nine singlets.

The crystal-field excitations in PrNiSn were first studied
by inelastic neutron scattering on a polycrystalline sample.
The sample was prepared by arc melting the constituent el-
ements under an argon atmosphere. The purity was 99.999%
for Ni and Sn and 99.9% for Pr. The mixture was melted
several times to achieve homogeneity with a small percent-
age (<1%) of extra Sn to account for any mass loss. The
neutron-scattering experiments were carried out on a 20 g
PrNiSn polycrystalline sample on the HET chopper spec-
trometer at the ISIS Facility, United Kingdom. The sample
was crushed and wrapped in an aluminum sachet with a face
approximately 4 X 4 cm?. Inelastic measurements were taken
at four different incident energies: 23, 35, 60, and 800 meV.
Neutrons are scattered from the sample into two forward
detector banks, one covering scattering angles from 2.6° to
7.2° at a distance of 4 m from the sample position, and a
second bank covering scattering angles from 9.3° to 28.7° at
a distance of 2.5 m from the sample. Two detector banks
located at high scattering angles (110.4°-138.7°) are valu-
able for the measurement of the phonon density of states. For
a chopper spectrometer operating at a fixed incident neutron
energy, the wave vector transfer is a function of the neutron
energy transfer, as well as scattering angle. In the case of
HET, for an incident neutron energy of E;=35 meV, the
wave vector transfer at the mean scattering angle (¢
=19.0°) of the 2.5 m detector bank is Q=1.36 A~! at zero
energy transfer (E=0), 1.63 A" at E=17 meV, and 2.34 A~
at E=27 meV. For E;=23 meV, the corresponding figures
are 0=1.10 A™! at E=0, and 1.81 A~! at E=17 meV. The
data sets were normalized to the incoherent scattering from a
vanadium standard sample for each incident energy. Second,
the scattering data were corrected for the contributions due to
the phonons leaving only the magnetic part of the scattering.
For this purpose high-angle scattering data of the nonmag-
netic reference compound LaNiSn were used. The magnetic
scattering results obtained in this way at 10 K at the incident
energies of 23 and 35 meV are shown in Fig. 2. We may add
that the subtraction of the phonon contributions is of minor
importance, e.g., the contribution is almost negligible in the
inelastic, low-energy part of the spectrum obtained for E;
=23 meV. The elastic cross section left after the correction
has been performed is not an intrinsic magnetic response, but
is due to incoherent scattering from the component atoms in
the sample. When combining the two different results shown
in Fig. 2 we identify seven of the possible eight excited
crystal-field levels. Fitting the data with weighted Gaussians
(these fits are not included in the figures) the energies of the
levels were determined to be 1.78+0.02, 3.33+0.02, 5.38
+0.03, 7.34x0.14, 17.17x0.02, 23.49+0.07, and 28.34
+0.07 in units of meV.

The susceptibility of polycrystalline PrNiSn has been pre-
viously determined by Routsi et al.> Here we report the re-
sults of measurements, using a PPMS9 Quantum Design
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FIG. 2. The magnetic part of the neutron-scattering intensities at
10 K determined from polycrystalline PrNiSn, using the HET spec-
trometer, with an incident neutron energy E;=35 or 23 meV. In the
lower figure the experimental data have been rigidly shifted
0.1 meV up in energy in order to center the elastic peak at zero
energy. The solid lines are the final fits determined by the model CF
Hamiltonian.

magnetometer, of the susceptibility along the three principal
axes of a single crystal of PrNiSn. These results, from mea-
surements in a magnetic field of 0.03 T, are shown in Fig. 3.
The susceptibility is strongly anisotropic at 7=2 K, with
Xaa ™~ 1.5xpp» and ~4x... With increasing temperature, x,,
drops rapidly, and above 14 K, the a-b anisotropy is re-
versed, so that x,,>> x,, above this crossover temperature.
Xp», has a clear local maximum around 12 K and a local
minimum around 4 K. All of the susceptibility components
show a distinct upturn below 3 K. However, this upturn be-
came less apparent in higher fields, and was not observed
above 2 T. The origin of this feature will be discussed below.

The scattering resulting from a polycrystalline sample is
an average of the single-crystal response over all directions
of the scattering vector. To a first approximation in the low-
temperature limit, the dispersive effects are averaged out,
leading to a response close to that produced by the isolated
ions. The single-crystal susceptibility components and the
inelastic neutron-scattering results from polycrystalline
PrNiSn were calculated using the 15 CF parameters defined
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FIG. 3. (Color online) The inverse susceptibility components of
PrNiSn are shown in (a). (b) Shows the susceptibility components
at low temperatures. The solid lines are the calculated results when
including the estimated contributions from paramagnetic impurities,
whereas the thin dashed lines are the susceptibility components of
the pure system.

by Eq. (1) as fitting parameters.'? In addition, in the case of
the neutron scattering results, we have 2 X 3 more, an inten-
sity scale parameter, a (constant) Gaussian linewidth, and an
elastic cross section. With so many fitting parameters, it is
unlikely that the experimental data will determine a unique
set of CF parameters. However, this deficiency is unimpor-
tant for the practical consequences of our model. The key
ingredients are the energies and the corresponding wave
functions of the 4-5 lowest levels, or rather the different
matrix elements of the angular-momentum operators be-
tween the lower levels. A least-squares procedure was devel-
oped for fitting all the above data simultaneously. It turned
out to be difficult to obtain a reasonable description of the
low-temperature behavior of the susceptibility components,
especially to generate the maximum in the bb component at
about 12 K. These difficulties actually mean that the multi-
plicity of choices for the 15 CF parameters is smaller than
one may think initially. The analysis of the susceptibility data
showed that it is important to include the effects of the two-
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TABLE I. The crystal-field parameters of the Pr ions belonging
to either the sublattices 1 and 2 or the sublattices 3 and 4 (in units
of meV). The parameters B]" apply for all Pr ions, when m is even,
but have opposite signs on the two sets of sublattices if m is odd.

B) 0.1763 BY -0.089 % 1073
B) -0.3342 Bi 2.112x1073
B; -0.1413 B; -0.460 X 1073
B ~0.6663 X 1072 B; 2.308x 107
B 0.5074 X 1072 B: -1.051x 107
B; ~2.243x 1072 B 7.800% 1073
B; 0 BS -2.824x 107
B 3.724%x 1072

ion interactions at zero wave vector. These exchange con-
stants are anisotropic and in the final fit we use

T(0) = 7..(0) = 0.023 meV, 7,,(0) =0.113 meV.
(2)

The final values of the CF parameters are given in Table I
and the corresponding calculated results are included in Figs.
2 and 3. In these calculations of the bulk susceptibilities and
of the averaged, single-ion-like scattering intensities from
the polycrystalline sample, it is not necessary to account for
the difference in signs of the m-odd parameters between the
sublattices (1,2) and (3,4). This also means that it is not
possible to decide whether the choice of signs for the terms
with odd m in Table I applies to the sublattices (1,2) or (3,4).
That would require a determination of the easy axis within
the xz plane for one of the sublattices, compare with the
discussion of the HoF5 system in Ref. 9. We should add that
the magnetic excitation spectrum, calculated in the next sec-
tion, is also independent of this choice between the sublat-
tices (1,2) or (3,4), as long as J..(ij) is negligible. At the
lowest temperatures, where only the ground state of the CF
system is populated, the susceptibility components should
saturate. The experimental data, however, show upturns at
the lowest temperatures in the case of all three components,
which we attribute to an isotropic paramagnetic impurity sig-
nal, Ay=A/T, where we have used A=0.012 K uz T~'/Pr.
This would correspond, for example, to a free Pr impurity
concentration of about 0.4% in the sample. The comparison
between experiments and theory in Figs. 2 and 3 is satisfac-
tory except that the calculated high-temperature slope of the
inverse bb susceptibility is slightly too small, and that the
intensities and positions of the two highest levels, above
20 meV, in Fig. 2 differ somewhat. However, these discrep-
ancies should not be significant for the excitations at the
lower energies, which we discuss in the next section.

III. MAGNETIC EXCITATIONS

From the HET data it is clear there are several low-lying
crystal-field states below 10 meV. In order to study the dis-
persion of these excitations we have performed inelastic
neutron-scattering experiments on a single crystal of PrNiSn.
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FIG. 4. (Color online) Inelastic neutron scans at (00 1) and
(0 0 3) obtained at 1.6 K. The solid lines are the calculated results,
where the resolution widths and intensity scales are assumed to be
the same in the two scans.

The single crystal (4 g) was cut from an ingot grown by the
Czochralski tri-arc technique, at the University of Birming-
ham. The experiments were carried out using the cold neu-
tron triple-axis spectrometer V2 at the Berlin Neutron Scat-
tering Center. The sample was mounted, in an Orange
cryostat, with its b axis vertical. Measurements were made in
the a”c” horizontal scattering plane, mostly with the spec-
trometer operated with fixed final wave vector kz=1.55 A
and 40’-60'-60" collimation. In this configuration, the ex-
perimental resolution (vanadium full width at half maxi-
mum) was 0.20 meV at zero energy transfer. One example is
presented in Fig. 4, and it indicates the presence of (at least)
three excitation branches below 4 meV. Scans along (¢ 0 0)
(see Fig. 5) show that there are actually two branches around
3.5 meV. There is also an additional one at the higher ener-
gies of about 5.2 meV. The latter mode is not visible in
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FIG. 5. (Color online) Inelastic neutron scans at (1.6 0 0) and
(2.4 0 0) obtained at 6 K showing the yy excitations. The solid lines
are the calculated results, when assuming that the resolution widths
and intensity scales are the same in the two scans.
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FIG. 6. (Color online) The dispersion relation along the ¢* axis.
The experimental results are indicated by the symbols. Some of
these results were determined with g lying between 2 and 3 and
have been mapped into the interval shown. The experimental results
were determined at 6 and 1.8 K for the two upper and two lower
branches, respectively. The solid lines are the corresponding calcu-
lated results.

(00 g) scans such as those shown in Fig. 4. The dispersion
of all these excitations has been measured both along ¢ and
a”, and the results are shown in Figs. 6 and 7. The neutron
scans at some of the ¢ values along (¢ 0 0) in Fig. 7 indicate
the presence of more than the expected two peaks at energies
close to 3.5 meV. The results for the excitation energies at
these g values depend somewhat on whether the extra peaks
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FIG. 7. (Color online) The dispersion relation along the a” axis.
The measurements were performed at the same temperatures (6 K
and 1.8 K), and as in the case of Fig. 6, some of the experimental
results were obtained for g between 2 and 3. The three experimental
results for the lowest branch were measured at (2—¢ 0 1 ). Some of
the experimental results obtained for the branches lying between 3
and 4 meV are represented by two different symbols, which are the
results of two different Gaussian fits to the same neutron-scattering
data. The lines show the calculated dispersion relations with the
dashed ones indicating low-intensity branches.
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TABLE 1II. The three lowest excitation energies (A) and the
squared matrix elements of the angular-momentum components be-
tween the ground state and the excited levels, as predicted by the
crystal-field Hamiltonian.

PHYSICAL REVIEW B 73, 014402 (2006)

TABLE III. The exchange parameters (in units of meV) derived
from the experimental dispersion relations. J%#(ij) is assumed to be
diagonal with J%(ij)=7"(ij). The first row shows the number of
neighbors (Z) and the second the distances d between the ions.

A (meV) |M.J* M, |M_|? I I I3 Iy Is I;
2.068 5.4215 0 0.1594 Z 2 2 2 2 4 4
3.535 0 4.5775 0 dA) 376 3.78 4.52 5.14 5.56 5.97
5.368 0.1019 0 2.8861 J(ij) 0.0363 -0.0032 -0.0039 -0.0011 -0.0033 0

are included in the Gaussian fits or not, as indicated on the
figure. One likely possibility is that the additional small
peaks are due to a low-lying phonon branch.

The RPA method used for calculating the excitation spec-
trum in the paramagnetic phase of PrNiSn is the same as was
used in the case of HoF; (see Refs. 9—12). Both compounds
belong to the space group Pnma. However, there are some
differences. In the PrNiSn system, the hyperfine interaction
is unimportant (above 10 mK), and the classical dipole-
dipole interaction is relatively weak compared with the ex-
change interaction (a factor of 100 smaller). These two com-
plications may therefore be safely neglected in PrNiSn. The
crystal-field Hamiltonian predicts the level scheme given in
Table II for the lowest levels. This table shows that the low-
est excitation mode is polarized almost completely along the
x axis, whereas the second level gives rise to excitations
polarized parallel to the y axis, and the third mode is polar-
ized nearly along the z axis. This classification accords with
the observed polarization dependence of the cross sections.
The two lowest branches are observed along (0 0 ¢), but not
along (¢ 0 0), whereas the opposite applies to the uppermost
level. The yy-polarized excitations are observed in both types
of scans. The presence of four Pr ions per unit cell implies
that each of the three levels gives rise to four excitation
branches. As discussed in Ref. 9 only two of the branches are
visible at a time, in neutron scans along (¢ 00) or (00 g),
allowing effectively the use of an extended zone scheme.
The one-zone representation is obtained by folding the re-
sults in Figs. 6 and 7 with respect to g=1.5 producing the
expected four branches per crystal-field level.

The two lowest branches, the xx excitations, show nearly
no dispersion along a” or ¢”, but the two modes are bound to
be strongly dispersive along b", where they, by symmetry,
cross each other. This implies, in accord with the general
considerations, that the directional average of the two
branches obtained in the polycrystalline case only gives rise
to a single level at about 2 meV. The experimental disper-
sion of the yy- polarized excitations is clearly different from
the dispersion of the excitations polarized perpendicular to
the y axis. In contrast to the constancy of the energies of the
xx excitations, the energy difference between the two yy
modes is small at (0 0 1) but becomes large at (0 0 2). This
behavior shows that the exchange interaction is strongly an-
isotropic. Due to the polarization of the different modes, the
yy excitations with energies close to 3.5 meV allow the de-
termination of the yy component of the exchange interaction
independently of the perpendicular components. Equiva-
lently, the xx and zz components are determined by the ex-

JY(ij) 0.0174 0.0244 —0.0040 -0.0059 0.0042 —-0.0046

citations with energies around 2 meV. The latter two com-
ponents of the exchange interaction are assumed to be equal
and the possible xz component is neglected. The values of
the exchange parameters derived from the experimental ex-
citation energies are given in Table III, and the comparisons
between the calculated and experimental dispersion relations
are shown in Figs. 6 and 7. The modes near the Bragg points
are classified by A;—A, according to the scheme introduced
in Ref. 9.

The parameters describing the exchange interaction be-
tween an ion on sublattice 1 and its neighbors are defined in
Fig. 8. The coupling I is neglected, but is effectively in-
cluded in I, and I5. The parameter /3, which is the interaction
between ions on the same sublattice lying a distance b from
each other, is not really determined by the present experi-
ments. A proper determination of this parameter would re-
quire a study of the dispersive effects along the b axis. Here,
it plays the role of adjusting the effective crystal-field level
spacing, i.e., the dominant effect of /3 corresponds to a shift
of the different positions of the three crystal-field levels in
Table II by 0.02-0.05 meV. The resulting value of the fer-
romagnetic xx coupling of 0.043 meV is close to the value
0.023 meV suggested by the analysis of the susceptibility
measurements [see Eq. (2)]. The ferromagnetic yy coupling

1.5 ; . : . ,

1.0 prommmmmmmme e NG oo

0.5

0.0 -
0.0

FIG. 8. The interactions /,, between ion 1 and its neighbors. The
number p increases with the distance between the ions. I3 is the
coupling to the two ions on the same sublattice as 1 at the distance
+b.
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derived from Table III is 7,,(0)=0.062 meV, in comparison
with the result of 0.113 meV derived from the fit to the sus-
ceptibility measurements, Eq. (2).

The dispersion along the ¢ axis does not differentiate be-
tween the two coupling parameters /5 and /;, describing the
interactions between ions on sublattice 1 and 4 (or 2 and 3):
only the sum /5+1; matters. When ¢ is along the a axis, the
difference I5—1; has some influence, but the few points avail-
able along this direction for the xz excitations leave the
(xx,zz) component of this parameter undetermined. The ef-
fect of the yy component of /5s—1; is relatively weak if con-
sidering the energies of the yy mode propagating along a.
However, the comparison between the calculated and experi-
mental intensity ratios of the two yy branches is improved
substantially, when using /;=-0.0046 meV instead of 0. The
intensities predicted by the final model agree in most
details with the experimental data. One example is shown
in Fig. 4 for the case of q along the ¢ axis. If the parameter
I; were neglected the upper branch of each of the three
crystal-field excitations in Fig. 7 would be practically invis-
ible in the (¢g00) scans [or the (2—g01) scan in the
case of the longitudinal mode], whereas the introduction
of I;(yy)=-0.0046meV in the final model implies that the
intensity ratio for the two yy modes is calculated to have a
maximum value of about 0.7 at (1.6 0 0). This is in agree-
ment with experiments as shown in Fig. 5: notice that the
upper branch is visible at (1.6 0 0), but not at the equivalent
(2.4 00) position.

At sufficiently low temperatures, the cooperative system
of the electronic 4f moments and nuclear spins of the Pr ions
will order due to the hyperfine interaction. The lowest-energy
mode is the xz mode with the symmetry A; (antiferromag-
netic along a and ferromagnetic along the ¢ axis). The un-
certainty about the value of /5 is of minor importance, and
accepting the value of this parameter given in Table III, the
energy minimum is 1.542 meV at (1 0 0). The maximum of
the xz-susceptibility tensor is found to occur along a direc-
tion making an angle of |§|=11.6° with the x axis. The or-
dered phase is indicated by the arrows in Fig. 1 assuming
0=+11.6° for sublattices 1 and 2. This ordered phase is the
same as observed in HoFj, if we interchange the definition of
the a and ¢ axes in one of the systems. Accounting for the
experimental value of yx,, in the zero-temperature limit, the
value of the maximum component is estimated to be
~5.46+0.5 meV~' in this limit. The effective coupling
parameter is

PHYSICAL REVIEW B 73, 014402 (2006)

j(0)=2(11+I3+I4)—COSZH(2IZ+415+4I7) (3)

equal to 0.0806 meV. This leads to a critical ratio R,
= Xaa(0) J(6) = 0.48, and, including the hyperfine interaction,
the ordering temperature of PrNiSn is estimated to be about
6 mK.

IV. CONCLUSION

The single-crystal susceptibility measurements show that
PrNiSn is a highly anisotropic magnetic system at low tem-
peratures. Because of the low symmetry of the surroundings
of the non-Kramers Pr ions, the J=4 multiplet splits into
nine singlets. The present singlet ground-state system has the
remarkable property that the matrix elements of the angular-
momentum operators, of either (J,,J,) or Jys between the
ground state and each of the eight excited states are nonzero
and of comparable magnitudes. Due to this circumstance
seven of the eight excited levels were detected in the poly-
crystalline spectrum. The remaining level is estimated to lie
at about 40 meV, just outside the range of the present experi-
ments. The low symmetry of the Pr sites has the consequence
that the crystal-field Hamiltonian contains 15 different pa-
rameters. The large number of parameters makes it impos-
sible to guarantee that the set of CF parameters derived from
the single-ion properties of the system is unique, but, as ar-
gued, the set derived should be useful for most practical
purposes, one of which is the analysis of the magnetic exci-
tations in the lower part of the spectrum.

The dispersion of the three lowest excited crystal-field
levels has been measured along the symmetry directions of
single-crystalline PrNiSn. The excitation spectrum is satis-
factorily described in terms of the CF Hamiltonian and the
neighboring coupling parameters. The analysis shows that
the exchange interaction is relatively long ranged, extending
out to the seventh nearest neighbors. The other important
result is that the exchange interaction is anisotropic, as re-
flected in a dispersion of the yy mode that differs consider-
ably from the dispersion of the xz-polarized modes. We fi-
nally conclude that the mean-field RPA model derived
accounts in a satisfactory and coherent way for the compre-
hensive experimental observations made on PrNiSn.
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