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Abstract. The magnetic excitations in the antiferromagnetic phase of HoNi2B2C are studied by inelastic
neutron scattering on single crystals for the first time. Spectra measured at constant T = 2 K along
symmetry directions of the reciprocal space are well explained in terms of crystal electric field (CEF)
magnetic excitons within the J = 8 ground state multiplet of Ho3+. Very modest bandwidth with planar
energy dispersion describes the magnetic exciton dynamics. A perturbative model approach consisting of
the CEF states in the effective exchange mean-field provides a simple but applicable characterization of the
experimental observations. The microscopic determination of the relevant exchange parameters is discussed
in connection with previous works on the subject.

PACS. 74.70.Dd Ternary, quaternary and multinary compounds – 75.10.Dg Crystal-field theory and spin
Hamiltonians – 78.70.Nx Neutron inelastic scattering

1 Introduction

Unconventional superconductors are compounds where
the occurrence of the superconducting state overcomes
the classical model framework. Rare-earth borocarbides
RNi2B2C are regarded as unconventional superconductors
on their own right, since superconductivity coexists and
competes with long-range antiferromagnetic order on a
comparable temperature scale in R = Ho, Dy, Er and Tm.
Of the above the R = Ho case is of particular interest due
to the rich phase diagram summarized in reference [1].
Whereas it is widely accepted that the magnetic proper-
ties of HoNi2B2C involve the trivalent Ho3+ sites only, the
details of the interaction between the resulting J = 8 mo-
ments are far from being settled. These are governed by
the interplay of CEF splitting and exchange interactions,
putting the basis of theoretical approaches as detailed in
Section 2. Estimates of the relevant model parameters are
available from magnetization, susceptibility and specific
heat measurements, but the detailed understanding of the
Ho-Ho interactions certainly relies on inelastic neutron
scattering (INS) investigations, which access the evolu-
tion of the magnetic states throughout the (Q, ω) space.
Unfortunately, the presently available microscopic char-
acterizations of HoNi2B2C are limited to powder averaged
INS studies – an experimental drawback which afflicts all
representatives of the RNi2B2C family. This note provides
the first account of comprehensive single crystal INS stud-
ies of the magnetic excitation spectra in HoNi2B2C. For
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the above reasons the results to be addressed in the fol-
lowing not only decidedly improve the description of the
title compound, but also contribute to the understanding
of the whole family of rare-earth borocarbides.

Particular attention is devoted to the microscopic dis-
cussion of the neutron spectrum observed at T = 2 K in
the ordered antiferromagnetic (AF) phase of HoNi2B2C.
In Section 2, previous experimental and theoretical char-
acterizations of the magnetic properties in HoNi2B2C are
briefly summarized. In Section 3, the sample preparation
and INS measurements are described. Very modest and
anisotropic energy dispersion characterizes the experimen-
tal observations. In Section 4 the discussion of the results
is thoroughly developed within a self-consistent mean-field
CEF model approach. In Section 5 comments and outlooks
are provided in a broader framework. In the Appendix
further details of the model calculations are given for the
reader’s convenience.

2 Magnetism

HoNi2B2C crystallizes in the tetragonal space group
I4/mmm, with parameters summarized in references [2,3].
The space group is modestly distorted by magneto-
restriction in the ordered AF phase, to be addressed be-
low. The magnetic properties originate from the trivalent
Ho3+ sites located at the corners and in the center of
the nuclear unit cell. Comprehensive magnetization and
specific heat investigations are reported in reference [4].
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They indicate the importance of CEF induced single ion
anisotropy within the J = 8 ground state multiplet of
Ho3+. The low-lying tetragonal CEF scheme consists of
a singlet, a doublet and a singlet, well separated from
higher levels as quantitatively discussed in reference [5].
INS investigations in the paramagnetic phase of the title
compound refined the complete tetragonal CEF scheme
by fits to the energy and intensity of the powder aver-
aged neutron spectra, see reference [6]. The resulting CEF
parameters were further shown to be in agreement with
static measurements, see reference [6]. The above work
provides reference quantities for the modeling of the INS
experimental observations in the ordered antiferromag-
netic phase, to which we adhere in the following of this
contribution. Below T ∼ 8 K, HoNi2B2C undergoes two
successive incommensurate magnetic phase transitions be-
fore entering at TN ∼ 5 K a commensurate AF phase de-
scribed by the propagation wave vector qAF = (0, 0, 1) in
reciprocal lattice units (r.l.u.), see references [7–9]. The
commensurate AF phase with moments along the [1, 1, 0]
direction is explained on the basis of single ion anisotropy
of CEF character and well reproduced by a mean-field
CEF approach developed in reference [6]. The angular de-
pendence of the field-induced magnetization unambigu-
ously certifies the above assignment, see reference [10].

The elementary CEF energy levels of Ho3+ in the AF
phase are characteristically renormalized against the para-
magnetic phase. The exchange mean-field BMF ‖ [1, 1, 0]
accounting for this renormalization is estimated as 2.5 T-
3.0 T according to references [6,11]. This quantity ex-
presses the microscopic interaction

HMF = − (gµBBMF )J = −
(
〈J〉 J̃(qAF )

)
J (1)

where 〈J〉 = 8 denotes the staggered moment in units of
the ground multiplet, J̃(qAF ) the Fourier transform (FT)
of the exchange interactions J̃ij between the rare-earth
sites at qAF and J the irreducible spin operator. The
remaining notation in equation (1) has the usual mean-
ing. Less is known regarding the strength and nature of
the distinct J̃ij contributing to the exchange interactions.
From a CEF based Curie-Weiss interpretation of the sus-
ceptibility measurements, ferromagnetic exchange in the
planes and antiferromagnetic exchange between the planes
is reported, in agreement with the underlying magnetic
structure, see reference [5]. The exchange is strongly pla-
nar according to the dominant contribution determined
in the same. INS investigations in diluted powder samples
provide first quantitative approximates of the Ho-Ho ex-
change interactions under consideration of effective cluster
interactions, reference [12]. Magneto-restriction is further
reported from the structural studies in the ordered AF
phase, see references [13,14]. The tetragonal (I4/mmm)
to orthorhombic (Fmmm) distortion along the [1, 1, 0] di-
rection is quantified as 0.19% in reference [13]. Estimates
from a point charge model described in the Appendix
demonstrate that the modest symmetry lowering does not
markedly affect the tetragonal CEF scheme of Ho3+.

A complete theoretical approach for the magnetic
ground state based on the CEF states is discussed in

references [15,16], with model parametrization from the
bulk experimental results. A further theoretical approach
within a semi-classical exchange model is presented in
reference [17]. Both models well reproduce the M(T, H)
boundaries between the different metamagnetic phases ex-
perimentally observed along the [0, 0, 1] direction, fail how-
ever to account for the metamagnetic phases perpendicular
to the [0, 0, 1] direction recently evidenced from static in-
vestigations by neutron diffraction in references [18,19].
In the cited works the phases perpendicular to [0, 0, 1] re-
ported at T = 2 K at finite external fields are ascribed
to the incommensurability common throughout the boro-
carbides at the nesting wave vectors, see reference [20].
The results presented in the following provide the first di-
rect dynamic investigations of the exchange interactions
in HoNi2B2C by neutron spectroscopy. Among other is-
sues to be discussed, the energy dispersion of the CEF
magnetic excitons at T = 2 K is clearly anisotropic and
evidences a broad incommensurate minimum in the plane
perpendicular to [0, 0, 1], supporting the above and con-
firming the need for further theoretical efforts. At the same
time, it provides a valuable reference to organize future
experimental studies.

3 Experiment

Isotopically substituted HoNi112 B2C single crystals of suf-
ficient size for the present investigation were prepared by
a high temperature flux-growth technique described in ref-
erence [21]. The crystal shape was plaquette-like, with the
plaquette face perpendicular to the [0, 0, 1] direction. The
quality of the samples was tested by bulk magnetization as
a function of temperature and external field, and found to
well reproduce the known M(T, H) phase diagram. For the
purpose of the INS investigations to follow, several crystals
were mounted on a common aluminum plate to obtain a
total sample mass of the order of 3 g. The alignment of the
single crystals in the [1, 1, 0], [0, 0, 1] scattering plane was
performed piecewise by the conventional two-axis modus.
The mosaicity of the total sample was obtained as 2.5 deg
from the measured FWHM of the rocking scans at the
Bragg reflections.

The INS measurements were performed on the
DrüchaL and TASP spectrometers installed at the Spal-
lation Neutron Source SINQ, Villigen PSI and on the 4F2
spectrometer at the Laboratoire Léon Brillouin (LLB),
CEA/Saclay. Instruments were operated at fixed final en-
ergies Ef = 3.5 meV, Ef = 4.7 meV and Ef = 5.0 meV,
respectively, in their standard focusing conditions with
open geometry after the sample. Horizontal incoming
beam collimation corresponded to 40′, 40′ and 60′, respec-
tively. A cold beryllium filter in front of the analyzer was
used in all measurements to suppress higher order contam-
inations. The sample environment with fixed temperature
T = 2 K was adopted.

The measurements devoted to the investigation of the
CEF magnetic excitons in the AF phase of HoNi112 B2C
at T = 2 K were organized according to the expecta-
tions developed in the Appendix. Inclusion of the exchange
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Table 1. Renormalized CEF transitions calculated for the J = 8 ground state multiplet of Ho3+ according to an RPA model
presented in Section 3. The list is restricted to the energy range of interest for the present investigation. ∆, M⊥ and M || denote
the energy (in meV), the planar and the longitudinal transition matrix elements, respectively, at fixed Bmf = 3.0 T. σ2 gives
the estimated variance on the reference values after the tolerances of the paramagnetic CEF parameters, notation and details
of the calculation in the text.

∆ M⊥ M || σ2∆ σ2M⊥ σ2M ||

Γ4 → Γ5(1) 1.719 0.23 0.03 0.0072 0.202 0.022

Γ4 → Γ5(2) 1.736 0.14 0.00 0.0112 0.132 0.002

Γ4 → Γ1 3.473 0.00 0.00 0.0122 0.002 0.002

Γ4 → Γ2 12.22 1.30 3.04 0.802 0.472 1.032

Γ4 → Γ5(1) 13.14 0.02 0.00 0.972 0.052 0.182

Γ4 → Γ5(2) 13.48 0.26 0.13 0.992 0.372 0.872

Γ4 → Γ3 14.17 0.02 0.24 1.002 0.102 0.212

. . . . . . . . .

mean-field in the paramagnetic CEF Hamiltonian of Ho3+

provides simple but applicable model expectations as fol-
lows. Major CEF transitions in the experimentally accessi-
ble range are expected for BMF = 3.0 T at E = 1.7 meV,
around E = 12.2 meV and around E = 13.5 meV. Ac-
cording to the mean-field CEF model these energies cor-
respond to the renormalized Γ5(1, 2), Γ2 and Γ5(2) states
above the Γ4 ground state, listed in Table 1 after the
notation of reference [6]. With the exception of the low-
lying Γ4 → Γ5(1, 2) singlet-doublet transition, the higher
Γ4 → Γ2, Γ4 → Γ5(2) transitions are nondegenerate
singlet-singlet transitions. As addressed in the Appendix
and presented in Table 1, tolerances in the experimen-
tal determination of the starting CEF parameters differ-
ently affect the model expectations at finite BMF = 3.0 T,
which are almost sharp for the low-lying singlet-doublet
transition but far less precise for the higher singlet-singlet
transitions.

The observed neutron spectra up to E = 14 meV con-
firm the separation of the relevant CEF excited states
into a nearly degenerate low-lying doublet state and two
higher singlet states. At each wave vector, profiles are re-
produced by Gaussian peaks on top of a common back-
ground resulting from an overall fit procedure. Within
instrumental accuracy, resolution limited peaks are ob-
served for the higher singlet-singlet transitions. This is not
valid for the low-lying singlet-doublet transition, which
is broader than the instrumental resolution but well ex-
plained assuming a minute doublet splitting. The mean
energies extracted from the fit procedure detailed in Sec-
tion 4 correspond to E = 1.72(1) meV, E = 11.71(2) meV
and E = 13.06(2) meV, with the doublet splitting of the
former corresponding to 0.18(1) meV. The assignments

of the CEF transitions are unambiguous with respect to
the expectations summarized in Table 1. The mean en-
ergy of the low-lying doublet state sharply reflects the
model expectation at BMF = 3.0 T, thus providing a reli-
able indicator for the strength of the exchange mean-field.
Furthermore, the energy of the higher singlet states are
well within the according variances as explained in the
Appendix. The mean-field estimate is backed by the en-
ergy dispersion discussed in the following, the origin of the
doublet splitting is separately discussed in Section 4.

The spectral weight of the distinct CEF transitions
is calculated within the same mean-field CEF model ap-
proach, with dominant contribution expected from the
renormalized Γ4 → Γ2 transition (Tab. 1). Remarkably,
only the renormalized Γ4 → Γ2 transition shows resolv-
able energy dispersion limited to the plane perpendicular
to the [0, 0, 1] direction. As will be demonstrated, this fact
is in quantitative agreement with a perturbative approach
based on the CEF states.

A complete quantitative comparison of the experimen-
tal results with the theoretical expectations is postponed
to Section 4. Here the framework of the adopted Ran-
dom Phase Approximation (RPA) model is presented in
its simplest form, justified by the above observations.
Neglecting correlations between the planes, we summa-
rize in the following the expectations elaborated in the
Appendix.

The RPA modeling of the interacting CEF states ex-
pects a dispersive behavior of the elementary excitations
around the mean-field CEF energy scheme, according to
the formula

Eαα
i (q) = ∆i − Mαα

i J̃(q), Mαα
i = |〈Γi|Jα|Γ4〉|2 (2)
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where the index i distinguishes the CEF transitions, α =
{x, y, z} denotes the spin coordinate and Jα the irre-
ducible spin operator within the Ho3+ ground state multi-
plet. Γi and Γ4 stays for the renormalized CEF excited and
ground state, respectively. The calculation of the accord-
ing transition energy ∆i = Ei − E4 has been anticipated
in the text. Equation (2) implies that the dispersive be-
havior of each magnetic exciton around ∆i is scaled by
the according matrix element Mi. The latter is solely de-
termined by the involved renormalized CEF states, but
explicitly dependent on the strength of the internal mean
field BMF , i.e. Mi = Mi(BMF ). In turn, BMF reflects
J̃(qAF ) as addressed in equation (1). From INS measure-
ments on single crystals, the self-consistent determination
of J̃(qAF ) is thus possible on the basis of the observed
magnetic exciton bandwidth around the CEF transition
energy. The dominant tetragonal site symmetry justifies a
further simplification of equation (2) in planar and axial
terms with respect to the [0,0,1] direction. Denoting with
E⊥

i and E
‖
i the corresponding energy expectations, the

resulting inelastic neutron cross section reads

I
⊥,||
i (Q, ω)∼|f(Q)|2

(
1 ± QzQz

Q2

)
M

⊥,||
i δ

(
�ω−E

⊥,||
i (Q)

)
(3)

where f(Q) is the form factor of the Ho3+ ion, Qz the pro-
jection of the wave vector along [0, 0, 1], M⊥

i = Mxx
i =

Myy
i , M

||
i = Mzz

i from the above. The sum and dif-
ference of the projection in equation (3) applies to the
planar and axial term, respectively, according to the geo-
metrical prefactor in equation (11). We stress at this point
that the expressions in equations (2, 3) are justified for
non-degenerate transitions, and that for each transition
terms mixing different polarizations are neglected in the
diagonalization of the RPA equation, see Appendix. More-
over, linearization of the resulting energy dispersion is per-
formed under the assumption of a dominating mean-field
CEF energy scheme with respect to the dynamic exchange
interactions. Though certainly subject to some idealiza-
tion, as it will be demonstrated equation (3) provides an
applicable description of the experimental observations.
Further details are given in the Appendix, calculated en-
ergies and transition matrix elements along the above line
are summarized in Table 1.

4 Discussion

The quantitative discussion of the INS observations is or-
ganized separately for the higher Γ4 → Γ2, Γ4 → Γ5(2)
transitions and for the low-lying Γ4 → Γ5(1, 2) transition,
see Table 1. For both groups the emphasis is put on the
energy dispersion accessed at wave vectors along different
symmetry directions of the reciprocal space. Experimental
observations are shown to be well reproduced by the sim-
ple model expectations introduced in the previous section.

Spectra of the higher Γ4 → Γ2, Γ4 → Γ5(2) CEF
transitions at T = 2 K were taken on the TASP spec-

trometer in the configuration detailed in Section 3. Ac-
cording to Table 1, the Γ4 → Γ2 transition dominates
the spectral weight and the dispersive behavior, following
the model discussion. The global fit procedure adopted
for the analysis of the profiles features at each wave vec-
tor two Gaussian peaks on top of a common background.
The FWHM of the peaks is overall fixed at the calcu-
lated instrumental energy resolution ∆E, uniquely de-
termined from the instrumental set-up following stan-
dard procedures. Excellent account for the observations
is claimed from the calculation both inelastically and
elastically. The latter was separately tested against the
measured incoherent elastic vanadium line. Data sets
consisting of the [h, h, 0], [0, 0, l], [0.5, 0.5, l] and [1, 1, l]
directions are fitted following the above. The global fit
quality further improves fixing the energy of the weaker
Γ4 → Γ5(2) transition. Results from the dominant Γ4 →
Γ2 transition show unambiguous dispersion of the or-
der ∼0.1 meV, almost limited to the plane perpendic-
ular to [0, 0, 1]. In Figure 1, a summary of the latter
is presented. The energy dispersion according to equa-
tion (3) is evaluated for the purpose of the present dis-
cussion with M = 1/3 (2M⊥ + M‖) to be explained be-
low. In Figure 1, the continuous line corresponds to the
harmonic ansatz J̃(q) = 2J̃1 (cos(2πqh) + cos(2πqk)) re-
stricted to the [0, 0, l], [0.5, 0.5, l] and [1.0, 1.0, l] directions,
with ∆ = 11.71(2), MJ̃1 = 0.015(2). It is now demon-
strated that the above is compatible with the expected
exchange mean-field, considering

MJ̃(qAF ) = M4J̃1 = 0.060(8) meV (4)

with qAF = (0, 0, 1) r.l.u. as introduced in equation (1).
Equating the experimental observations in equation (4)
to the self-consistent mean-field condition for Bmf =
3.0 T → J̃(qAF ) = 0.027 meV as in the Appendix, the
experimental estimate M = 2.2(3) is extracted. This es-
timate compares well with the model calculation for the
Γ4 → Γ2 CEF transition summarized in Table 1, stress-
ing the validity of the above description. The planar ex-
change interaction 4J̃1 in equation (4) is ferromagnetic
and in the same range reported in the static study of
the susceptibility, see reference [5]. An undoubted ad-
vantage of neutron scattering on single crystals is the
wave vector selectiveness of this information. Data along
the [h, h, 0] direction indicate that the planar dispersion
is better reproduced with the inclusion of next-nearest
neighbor interactions. In Figure 1, the dashed line cor-
responds to the fit obtained under consideration of the
J̃2 and J̃3 terms in the Appendix, equation (9) with
MJ̃2 = −MJ̃3 = 0.026(4) meV while retaining the above.
Though the discussion of the complete exchange interac-
tion scheme is beyond the scope of this contribution, the
experimental results provide direct evidence of a broad
minimum at incommensurate position perpendicular to
the [0, 0, 1] direction, as anticipated. The alignment of the
single crystals unfortunately prevented the collection of
experimental data along the [h, 0, 0] direction, see also ref-
erences [18–20]. In consideration of the variance on the
calculated transition matrix elements from Table 1, an
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Fig. 1. Energy dispersion of the Γ4 → Γ2 CEF transition observed in HoNi112 B2C single crystals at fixed T = 2 K. Symbols
correspond to the global fit procedure explained in Section 4, arranged according to the different [h, h, l] directions in reciprocal
lattice units. Continuous and dashed lines reproduce the dynamic model expectations from an RPA model including nearest
neighbor and next-nearest neighbor planar interactions, respectively.
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Fig. 2. Neutron profiles of the higher Γ4 → Γ2, Γ4 → Γ5(2)
CEF transitions observed in HoNi112 B2C single crystals as ex-
plained below, fixed T = 2 K (TASP, SINQ PSI). Distinct
measurements at δl = {0.0, 0.5, 1.0, 1.5} r.l.u. are merged for
(0.5, 0.5, 2.0 + δl) r.l.u. (upper panel) and (1.0, 1.0, δl) r.l.u.
(lower panel). The global fit procedure and the physical ob-
servables are addressed in Section 4. Notice the minute energy
shift of the dominant transition, according to Figure 1.

averaged matrix element M is assumed in equation (4).
This is a robust approximation well supported by the ex-
perimental outcomes, see in particular the energy data
along [0, 0, l] and [1, 1, l], and justified by the mixed na-
ture of the CEF transition. A discussion of the according
spectral weights is presented in the following.

In Figure 2, high statistics profiles collected for Q =
(h, h, l) r.l.u. at fixed h but different l values are merged as
indicated. The FWHM of the merged profiles is excellently
reproduced by the instrumental resolution calculations
with no free parameters. These profiles fully justify the ne-
glect of exchange interactions parallel to [0, 0, 1], which are
clearly beyond the instrumental capability. Whereas the

energy of the weaker Γ4 → Γ5(2) transition is fixed as al-
ready addressed, unambiguous dispersion of the dominant
Γ4 → Γ2 transition is apparent comparing top and bottom
panel, which are vertically displaced for convenience. The
organization of the data according to the model expec-
tations in equation (3) further shows that the calculated
matrix elements are in satisfactory agreement with the
observed spectral weights, taking as an input the CEF
scheme from reference [6]. Global fits of the energy inte-
grated intensity from the same points as in Figure 1 are
performed according to

I⊥ + I ||=|f(Q)|2
[(

1+
QzQz

Q2

)
M⊥ +

(
1−QzQz

Q2

)
M ||

]

(5)

with M⊥ and M || as only free parameter. Relative
polarizations M || : M⊥ thus determined correspond
to 2.31(40) and 2.97(1.05) for the Γ4 → Γ2 and for
Γ4 → Γ5(2) transition, respectively. From the averaged
M = 1/3 (2M⊥ + M ||) the ratio between the weights of
the Γ4 → Γ2 and Γ4 → Γ5(2) transitions is obtained as
2.55(67). These spectral weights confirm the assignments
of the CEF states within the variances reported in Ta-
ble 1. The experimental evidence of the mixed polariza-
tion nature of the higher transitions justifies a posteriori
the energy fit with the averaged M as presented for the
Γ4 → Γ2 transition. Furthermore, the ratio between the
weights of the Γ4 → Γ2 and Γ4 → Γ5(2) transitions sup-
ports the much smaller dispersion postulated for the latter
from equation (2) and accordingly neglected on grounds
of the instrumental limitations.

We now comment on the behavior of the low-lying
Γ4 → Γ5(1, 2) CEF transition. The investigations were
performed on the DrüchaL and 4F2 spectrometer in the
configurations detailed in Section 3. Following the same
theoretical approach, almost vanishing dispersive behavior
is expected around the calculated CEF transition energy.
However, a complication arises here due to the doublet
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nature of the excited state. At each wave vector experi-
mental profiles were fitted assuming two nearly degener-
ate, resolution limited Gaussian peaks following the global
procedure already explained. Data were overall well ex-
plained fixing the two Gaussian energies. A preliminary
account of the experimental results is presented in the fol-
lowing. In Figure 3, profiles for Q = (0.5, 0.5, 0.0) r.l.u.
illustrate the typical renormalization of the Γ4 → Γ5(1, 2)
CEF transition as a function of the temperature. At
T = 2 K the observed mean excitation energy corresponds
to E = 1.72(1) meV with an overall doublet splitting
δE = 0.18(1) meV. The discussion of the former with
respect to the internal exchange mean-field has already
been presented, which matches the value Bmf = 3.0 T as
motivated (Fig. 3, inset). Numerical expressions of the rel-
evant model calculations at Bmf = 3.0 T are reported in
Table 1. We comment here on the doublet splitting, which
is decidedly larger than calculated, but within instrumen-
tal accuracy fixed throughout the reciprocal space. Inter-
estingly, former powder INS investigations also reported
the broad nature of the low-lying transition, see refer-
ences [6,11]. From the novel single crystal INS investi-
gations this is unambiguously ascribed to an intrinsic fea-
ture present at each wave vector and not to a powder av-
eraged effect. Within experimental accuracy, the absence
of resolvable energy dispersion of the low-lying singlet-
doublet transition is in agreement with the same model
approach explaining the higher singlet-singlet transitions,
albeit implying an intrinsic origin of the doublet split-
ting δE at the mean-field CEF level. The corrections to
equation (6) due to the orthorhombic distortion in the AF
phase qualitatively support the increase of the calculated
δE against Table 1, but quantitatively underestimate the
experimental observations. However, for nearly degenerate
states the perturbative model approach in the Appendix
possibly bears less confidence and a more involved treat-
ment might prove of advantage. As a further ingredient
of the magnetism in HoNi2B2C we mention here the un-
derlying superconducting state, see references [4,22] and
references therein. The strength of the exchange interac-
tions between the Ho-Ho ions is mediated by the conduc-
tion electrons, whose susceptibility is influenced by the
superconducting state. Theories predicting a freezing of
the the dispersive behavior of the magnon excitations in
materials with coexisting superconductivity and antifer-
romagnetic order are described in reference [23]. These
effects are particularly pronounced around q = 0 and at
the nesting vectors. INS investigations of the phonon ex-
citations in the borocarbides reveal incipient lattice in-
stabilities at the nesting vectors as in references [24–27]
and references therein. Along the same lines, the low-lying
Γ4 → Γ5(1, 2) CEF transition is planned to be investigated
at fixed T = 2 K for selected external fields below, across
and above the upper critical field Bc. A complete account
of the experimental results in zero field and as a function
of the external field will be presented elsewhere.

To sum up, the inelastic neutron scattering investiga-
tion of the magnetic excitons in isotopically substituted
HoNi112 B2C single crystals provides a strong experimental
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CEF transition observed in HoNi112 B2C single crystals for
(0.5,0.5,0.0) r.l.u. at T = 8 K > TN and T = 2 K < TN

(DrüchaL, SINQ PSI). The energy renormalization of the tran-
sition at T = 2 K reflects the exchange mean-field as in the
inset, from the calculations explained in the Appendix. The
thick continuous line at T = 2 K corresponds to the global fit
procedure addressed in Section 4.

case which is discussed here for the major CEF transi-
tions. At fixed T = 2 K the dynamic exchange interactions
remain subordinated to the mean-field CEF interactions,
with very weak energy bandwidth around the renormal-
ized CEF energy level. Devoted instrumental configura-
tion and excellent background conditions nevertheless al-
low the determination of E(q) for the dominant Γ4 → Γ2

CEF transition. The results successfully capture for the
first time the wave vector and energy dependence of the
Ho-Ho interactions, completing at the same time previ-
ous studies on the subject. The interpretation of the ex-
change interactions relies on the relative energy change
reported around a well-defined CEF transition and is thus
regarded as robust. A simple theoretical model with the
mean-field consideration of the exchange interactions fur-
ther indicates self-consistency. It is suggested that the
same dynamic framework might apply for the other rep-
resentatives of the antiferromagnetic and superconducting
borocarbides.

5 Conclusions

An investigation of the magnetic excitations in the or-
dered antiferromagnetic phase of HoNi2B2C is reported
from inelastic neutron scattering on single crystals. The
experiments at fixed T = 2 K comprise the main CEF
transitions, which for the first time are measured along
distinct symmetry directions of the reciprocal space. For



N. Cavadini et al.: CEF nature of the magnetic excitations in ordered HoNi2B2C 383

the higher Γ4 → Γ2, Γ4 → Γ5(2) CEF transitions the
results indicate very modest and anisotropic energy dis-
persion, which is almost limited to the plane perpendic-
ular to the [0, 0, 1] direction. Energy and spectral weight
of the observed neutron profiles are compared to model
predictions self-consistently developed on the basis of the
J = 8 ground state multiplet of Ho3+ in an effective mean-
field. Overall agreement between experiment and theory
is claimed considering the simple nature of the model ap-
proach. The direct determination of the exchange mean-
field from the observed energy bandwidth well compares
to previous investigations. The clear advantage of inelastic
neutron scattering on single crystals is the selective access
to the distinct exchange contributions. The results reveal
the importance of next-nearest neighbor interactions in
the plane, stressing the complexity of the exchange inter-
actions. For the low-lying Γ4 → Γ5(1, 2) CEF transition,
at each wave vector a broadening of the neutron profiles
is reported. The broadening is well described assuming an
intrinsic and nondispersive splitting of the doublet excited
state. It is hoped that the present investigation will trig-
ger additional efforts towards a better understanding of
the magnetic excitations in the borocarbide family.
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Raymond are appreciated. The technical support of Ph.
Boutrouille during the 4F2 measurement is gratefully acknowl-
edged. This work was financially supported by the Swiss Na-
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Appendix

The calculation of the neutron cross section relies on
the Random Phase Approximation (RPA) model of the
J = 8 ground state multiplet of Ho3+ in the exchange
mean-field of the neighbors, see reference [28] for a general
discussion. Relevant microscopic information is provided
by the the paramagnetic CEF energy scheme determined
in reference [6]. The according parametrization of the
CEF Hamiltonian reads

HCEF = B0
2O0

2 + B0
4O0

4 + B4
4O4

4 + B0
6O0

6 + B4
6O4

6 (6)

where the Bm
n are CEF parameters and the Om

n the
Stevens operators. The former are obtained according to
the parametrization

Bm
2 = αAm

2 , Bm
4 = βAm

4 , Bm
6 = γAm

6 (7)

where α, β, γ denote the Stevens’ multiplicative factor
for Ho3+, and A0

2 = −14.5 ± 6.0, A0
4 = 2.3 ± 0.8, A4

4 =
−71.4 ± 3.3, A0

6 = −0.42 ± 0.3, A4
6 = 11.7 ± 1.4 meV.

Equation (6) disregards the additional CEF parameters
arising from the magneto-restriction in the ordered AF
phase, as introduced in Section 2 after references [13,14].
The tetragonal to orthorhombic distortion generally im-
plies nine instead of five independent CEF parameters,
see reference [29]. From the point charge model detailed

in reference [6], very modest corrections on the scale of the
original CEF parameters are estimated under explicit con-
sideration of the 0.19% distortion along the [1, 1, 0] direc-
tion after reference [13]. The additional CEF parameters
never exceed a few percent of the dominant Bm

n within
each of the n = 2, 4, 6 subsets of equation (7). These mod-
est corrections to equation (6) are largely overcome by the
renormalization due to the exchange mean-field in equa-
tion (1), see also Figure 3 (inset).

Since dealing with a three-dimensional, large spin case
the exchange mean-field approximation is adopted as a
starting point in the interpretation of the collective ex-
change interactions. The resulting Hamiltonian HCEF +
HMF from equation (6) and equation (1) yields the renor-
malized energy scheme summarized in Table 1 and fur-
ther applied in the data analysis. For the purpose of
the calculation, the strength of the exchange mean-field
BMF ‖ [1, 1, 0] is fixed at 3.0 T according to the ex-
planations given in the text. The numerical diagonaliza-
tion is performed in the complete 2J + 1 spin space of
the J = 8 ground state multiplet, but disregards higher
multiplets. Variances in the determination of the renor-
malized CEF states are estimated from a homogeneous
discretization of the error vector in 55 points within the
limits given in reference [6], see Table 1. For the low-lying
Γ4 → Γ5(1, 2) singlet-doublet transition, the corrections
from the magneto-restriction are separately mentioned in
the context of the relative energy splitting of the doublet
state, see Section 4. For the higher Γ4 → Γ2, Γ4 → Γ5(2)
singlet-singlet transitions, the same are negligible com-
pared with the original variances. Justified by the exper-
imental outcomes, we accordingly neglect the corrections
to equation (6) in the quantitative discussion of the ex-
change interactions.

The exchange contributions to equation (1) stem from
the Hamiltonian

HEX = −1
2

∑
ij

J̃ij Ji · Jj (8)

where the indexes i, j denote the rare-earth sites and J̃ij

the corresponding interaction. Progressively developing
equation (8) in terms of the FT of the planar rare-earth
sites yields

J̃(q) = 2J̃1 (cos(2πqh) + cos(2πqk)) + 4J̃2 cos(2πqh)

× cos(2πqk) + 2J̃3 (cos(4πqh) + cos(4πqk)) + . . . (9)

The full dynamic spin susceptibility is obtained from the
expression

χ(Q, ω) =
χ0(ω)

1 − J̃(q)χ0(ω)
(10)

where χ0(ω) is determined from HCEF + HMF as before.
In Figure 4, the self-consistent condition of the mean-field
approach implying gµBBmf = 〈J〉 J̃(qAF ) is illustrated
for g = 1.25, 〈J〉 = 8. Experimental results in accordance
with Figure 4 are discussed in Section 4. The imaginary
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Fig. 4. Illustration of the self-consistent mean-field condition
addressed in Section 4. Continuous lines for the Γ4 → Γ2 CEF
transition reproduce different mean-fields BMF at constant
MJ̃(qAF ) values, where M = M(BMF ). Enforcement of the
self-consistent mean-field condition between BMF and J̃(qAF )
yields the dashed line. The notation is explained in the text,
details of the calculations are presented in the Appendix.

part χ′′(Q, ω) of the complex spin susceptibility in equa-
tion (10) directly enters the INS cross section according to

d2σ

dΩdω
(Q, ω) ∼ Qf

Qi
|f(Q)|2

∑
αβ

(
δαβ − QαQβ

Q2

)
χ′′(Q, ω)

(11)

in a notation already introduced, with Qf and Qi the final
and initial wave vectors, respectively. Linearized expres-
sions restricted to the diagonal matrix elements of this
calculation are summarized in Section 3. Though full con-
sideration of the off-diagonal matrix elements is possible,
analytical expressions quickly loose their intuitive inter-
pretation without adding definitive insights into the dy-
namics accessible on an experimental level. Data did not
warrant such improvements and we thus remain at the
model stage adopted in the discussion of the experimental
results. The planned INS experiments at finite external
fields as anticipated in the text will hopefully trigger ad-
ditional interest in the dynamic modeling of the antifer-
romagnetic phase of HoNi2B2C.
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