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The magnetism of the rocksalt fcc rare-earth monopnictide HoBi, a candidate topological material with
extreme magnetoresistance, is investigated. From the Ho*" non-Kramers J = 8 spin-orbital multiplet, the cubic
crystal electric field yields six nearly degenerate low-energy levels. These constitute an anisotropic magnetic

moment with a Jahn-Teller-like coupling to the lattice. In the cubic phase for 7 > Ty = 5.72(1) K, the paramag-

netic neutron scattering is centered at k = (% % %) and was fit to dominant antiferromagnetic interactions between

Ho spins separated by {100} and ferromagnetic interactions between spins displaced by {% %0}. For T < Ty, a
type-Il AFM long-range order with k = (31 1) develops along with a tetragonal lattice distortion. While neutron
diffraction from a multidomain sample cannot unambiguously determine the spin orientation within a domain,
the bulk magnetization, structural distortion, and our measurements of the magnetic excitations all show the
easy axis coincides with the tetragonal axis. The weakly dispersive excitons for 7 < Ty can be accounted for

by a spin Hamiltonian that includes the crystal electric field and exchange interactions within the random phase

approximation.

DOLI: 10.1103/PhysRevB.107.104423

I. INTRODUCTION

In spite of their structural simplicity, the fcc rare-earth
monopnictides (see Fig. 1), RX (R = Ce to Yb and X = N,
As, P, Sb, and Bi [1,2]), display a wide variety of anisotropic
magnetism and electronic transport properties. The lattice
parameter varies by 30% across the pnictide series and this
provides opportunities to tune the relative strength of crystal
field and exchange interactions. In the 1960s to 1980s, the
rare-earth monopnictides were studied to understand mag-
netic phases driven by oscillatory and highly anisotropic
Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interac-
tions [3—-8]. Work on CeSb for example gave rise to an
extensive literature on the anisotropic nearest and next nearest
neighbor Ising model (ANNNI) [9]. This work also resulted
in progress towards a quantitative understanding of their
anisotropic exchange interactions [10].

A recent resurgence of interest in these rare-earth monop-
nictides is driven by their extreme magnetoresistance (XMR)
and resistivity plateaus and the possible connection to the
three-dimensional (3D) topological state of the nonmag-

*Corresponding author: Jonathan.Gaudet @nist.gov

2469-9950/2023/107(10)/104423(10)

104423-1

netic lanthanum monopnictides LaX [11,12]. LaAs, LaSb,
and LaBi have unsaturated XMR arising from near perfect
electron-hole compensation and there is a topological tran-
sition from a trivial electronic band structure in LaAs to a
topologically nontrivial band structure in LaBi [13—17]. Sev-
eral studies have confirmed the presence of protected surface
states in LaBi [18-21]. Since then, extensive works have been
devoted to characterizing the XMR and topological states
of various RX including, for example, CeX, HoX, and PrX.
XMR has been found in each reported magnetic RX with
characteristics that depend on the rare-earth ion [22-30]. The
stabilization of topological nontrivial electronic bands gener-
ating protected surface states was proposed for several of the
magnetic monopnictides [29,31-33].

Here we study the magnetism of HoBi using modern neu-
tron scattering techniques to gain insights into its unique
magnetotransport properties [29,34]. Consistent with previ-
ous works [35-37], we confirm the antiferromagnetic (AFM)
k= (% %%) structure and the associated tetragonal lattice dis-
tortion. Due to multidomain averaging, our single-crystal
neutron diffraction cannot unambiguously determine the local
spin anisotropy of the k = (%%%) AFM structure. However,
we could resolve this ambiguity by measuring and model-
ing the magnetic excitations of HoBi, which take the form

©2023 American Physical Society
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FIG. 1. Rocksalt structure of the rare-earth monopnictide HoBi.
Yellow and blue spheres respectively correspond to Ho and Bi. Spins
interacting through the J; and J, exchange interaction are shown by
the dashed black arrows. The k = ( % % %) magnetic order of the Ho**
spins is represented by the red arrows. The local spin orientations
of the Ho®" spins that are consistent with neutron diffraction are
indicated for the Ho ion at (0,0,0). The magnetization, structural
distortion and inelastic neutron scattering, however, provide clear

evidence for easy [001] axis anisotropy.

of weakly propagating spin-orbital excitons whose energies
and intensities are sensitive to the local orientation of the
Ho** moments. Using this method, we found the k = (%%%)
AFM structure has an Ising local spin anisotropy, which is
consistent with the Ising easy-axis bulk magnetization and the
tetragonal distortion. Through analysis of the paramagnetic
diffuse scattering of HoBi and the crystal field excitons in
the low T ordered state, we obtain a spin Hamiltonian with

comparable crystal field (CEF) and exchange energy scales.

II. EXPERIMENTAL METHODS

HoBi single crystals with mass of 10-50 mg were grown
following a previously published procedure [34]. Single crys-
tal low-temperature x-ray diffraction was performed using a
Huber four-circle diffractometer with a Rigaku Rotaflex 18
kW rotating copper anode x-ray generator and a Bicron point
detector. We used a Ge (111) monochromator with dy;; =
3.266 A. The sample was aligned for diffraction in the (HHL)
plane and mounted in a closed cycle cryogenic system with a
base temperature of 2.17 K.

We performed thermal neutron diffraction using the HB-
1A triple-axis instrument at Oak Ridge National Laboratory.
We used PG filtered 14.5 meV neutrons and collected rocking
scans at all accessible magnetic and nuclear Bragg positions in
the (H HL) plane. Polarized neutron diffraction measurements
were conducted with the triple-axis instrument BT-7 at the
Center for Neutron Research (NCNR), NIST. Nuclear spin-
polarized *He gas was used to polarize the incident neutron
beam and to analyze the polarization of scattered neutrons
[38,39]. Horizontal guide fields were present throughout the
beam path to allow measurements of the spin-flip (SF) and
non-spin-flip (NSF) scattering cross sections for incident neu-
tron spins polarized parallel to momentum transfer Q. The

flipping ratio measured at nuclear Bragg peaks was greater
than 30.

Cold neutron triple-axis experiments were performed us-
ing the SPINS and the MACS spectrometers at the NCNR.
On both instruments we employed a fixed final neutron en-
ergy Ey = 3.7meV or 5 meV and measured the elastic and
inelastic scattering for a single crystal of HoBi aligned for
scattering within the (HHL) and the (HKO) plane in two
different experiments. For the £, = 3.7meV configuration,
we used polycrystalline cooled Be and BeO filters before and
after the sample, respectively. For the 5 meV configuration we
only used a Be filter after the sample, while the incident beam
from the cold neutron source was unfiltered. For both experi-
ments, we comounted 11 HoBi single crystals on an aluminum
mount. We acquired background data using an identical
mount without HoBi crystals. We used an “orange” 4He
flow cryostat to reach a base temperature of 1.6 K for these
experiments.

For the highest energy resolution and energy transfer, we
performed time-of-flight neutron scattering experiments using
the CNCS spectrometer at Oak Ridge National Laboratory.
There we coaligned two HoBi single crystals on an aluminum
mount and collected inelastic neutron scattering data with
fixed incident energy E; = 25meV at T = 13 K with a total
proton charge of 47 C. We used the high flux mode of opera-
tion of CNCS with a Fermi Chopper, Chopper 2, Chopper 3,
and a Double Disk frequency of 60, 60, 60, 300, and 300 Hz,
respectively. The energy resolution (FWHM) at the elastic line
for this configuration is 2.0(1) meV. Finally, we note that the
error bars associated with the neutron scattering experiments
represent one standard deviation.

Both the magnetization and heat capacity measurements
presented here were performed in a Quantum Design physical
properties measurement system (PPMS). We used a PPMS
dilution refrigerator option for the low-temperature heat ca-
pacity.

III. RESULTS AND ANALYSIS

A. First order phase transition

The thermodynamic properties of HoBi were previously
reported and a long-range k = (%%%) antiferromagnetic
(AFM) order is known to occur concomitantly with a struc-
tural distortion around 7y = 5.7 K [14,35,36]. The order of
the transition, however, remains unknown. To determine the
order of the phase transition, we measured the temperature
dependent specific heat capacity using the long-pulse heat
method [40]. The resulting C, data for HoBi is reported
in Fig. 2 for both warming and cooling protocols. A sharp
peak with a thermal hysteresis of 13(2) mK is observed in
C,. Correspondingly the inset shows a distinct plateau in the
temperature versus time curves during heating and cooling.
These observations indicate a first order phase transition at Ty
in HoBi.

B. Paramagnetic phase

To determine the magnetic interactions leading to this
phase transition, we mapped the neutron elastic scattering
for momentum transfer Q covering the (HHL) plane and for
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FIG. 2. Low temperature heat capacity of HoBi collected using
the long-pulse method. The red and blue curves respectively cor-
respond to the warming and cooling protocol and show a thermal
hysteresis of 13(2) mK. The top inset shows the time dependence of
the measured temperature upon applying a heat pulse to warm the
sample temperature above Ty (red curve) and upon cooling through
the transition (blue curve). The observation of a plateau at 7y in the
heating profile for both warming and cooling protocol suggests a first
order phase transition in HoBi.

temperatures between 150 K and 1.6 K. Representative data
sets are shown in Fig. 3.

In the cubic paramagnetic phase for 7 =12 K > Ty =
5.72(1) K, the scattering is broad in Q and is centered at k =
(%%%) positions [Fig. 3(a)]. This indicates short-range AFM
correlations preceding the long-range order. The “butterfly”
pattern of paramagnetic diffuse scattering is consistent with
the equal time structure factor S(Q) of an fcc Heisenberg
paramagnet with FM interactions between the first nearest-
neighbor (NN) Ho* ions (J;) and AFM interactions between
the second NN (J,). Dashed lines in Fig. 1 indicate the lattice
geometry associated with these interactions. The scattered
intensity was modeled using 7(Q) = %N|f(Q)|2 ZU(Si .
S;)cos(Q - r;;), where N is the number of spins, r;; is the
displacement vector from Ho" site j to i, and f(Q) is the
Ho’* atomic form factor [41]. Including only self-correlations
and correlations between spins separated by {100} and {% %O},
a ratio of (S; - S;)100y/(S; - Sj){%%O} = —2.2(2) was obtained
at T = 12 K. The calculated magnetic diffuse scattering cor-
responding to the best fit shown in Fig. 3(d) accounts for all
major features in the data [Fig. 3(a)] and the introduction of
third NN correlations does not improve the fit significantly.
A high temperature expansion allows us to associate the ratio
of correlations to the ratio of the corresponding exchange in-
teractions [42,43] so that we may infer that J,/J; ~ —2.2(2).
Even if some of the J; bond interactions are frustrated, this
resulting fitted ratio of exchange parameters stabilize a k =
(% %%) order, which is driven by the dominant AFM J, inter-
actions [44—46].

Upon cooling, the elastic magnetic scattering gets stronger
[T =5.5K ~ Ty in Fig. 3(b)] and eventually forms mag-
netic Bragg peaks [T = 1.6 K{Ty in Fig. 3(c)] indicating
long range magnetic order. To quantify the temperature de-
pendence of the diffuse and Bragg scattering, as shown
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FIG. 3. Elastic diffuse neutron scattering from HoBi measured in
the (H HL) reciprocal lattice plane at (a) 12 K, (b) 5.5 K, and (c) 1.7K
with an incident neutrons energy of 3.7 meV. The scattering for
panels (a), (b), and (c) have been symmetrized to increase statistics.
(d) Calculated paramagnetic diffuse scattering with J, /J, = —2.17
on an fcc lattice, where J; is the first NN ferromagnetic interaction
and J, is the second NN antiferromagnetic interaction Panel (e) is the
elastic neutron scattering near the Q = 5 2 5) Bragg peak acquired
through scans along the (HH H) direction. The data in panel (e) were
fitted using a Lorentzian function for the diffuse scattering and a
Gaussian function for the resolution limited Bragg component. The
inferred integrated intensity for each component of the scattering are
plotted in panel (f) as a function of temperature. The temperature
dependence of the magnetic correlation length is plotted in the inset
panel of (f).

in Fig. 3(e), we fitted the integrated intensity obtained
from one-dimensional (HHH) scans acquired through the
magnetic Bragg peak at Q = (222) Each scan was fit to
the sum of a Gaussian function and a Lorentzian function
to describe the long and short range components of the spin
correlations and a linear background (needed to describe the
temperature-independent nuclear and temperature-dependent
magnetic incoherent elastic scattering). The fits included as
dashed curves in Fig. 3(e) provide a good account of the data.

The temperature dependence of the integrated intensity of
both the Bragg and the diffuse components of the scattering
are reported in Fig. 3(f). The integrated intensity of the diffuse
scattering (red markers) is peaked at Ty, where the appearance
of Bragg scattering (blue markers) reveals the onset of long
range order and translation symmetry breaking. The tempera-
ture variation of the correlation length &, as inferred from the
Lorentzian after correcting for resolution effects, is reported
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FIG. 4. Series of 6 — 26 x-ray diffraction scans through the Q =
(006) Bragg peak. The inferred temperature dependence of the lattice
parameters is shown in panel (b). The neutron magnetic and nuclear
refinement of HoBi are presented in (c) where the observed cross
sections for various Bragg peaks are plotted as a function of the
calculated cross sections. The inset in (c) reports the variation of the
x2 goodness of fit for the magnetic refinement of HoBi assuming
a multidomain k = (%%%) spin structure with an easy axis defined
by spherical coordinates 6 and ¢ (¢ = 0 corresponds to the [110]
direction). Panel (d) shows the low-temperature magnetization versus
field for fields applied parallel to the [001] and [110] directions. The

data show that [001] is the easy axis.

in the inset of Fig. 3(f). As expected, & increases dramatically
at Ty.

C. Structural distortion

A previous x-ray diffraction study revealed that a tetrago-
nal distortion accompanies magnetic ordering in HoBi [35].
We confirmed the occurrence of this distortion in HoBi with a
four-circle x-ray diffractometer experiment. The 8 — 26 scans
of various nuclear Bragg peaks were collected above and
below Ty with a base temperature of 5 K. Consistent with
previous work [35], we observed a splitting of the (H00),
(0KO0), and (00L) nuclear Bragg peaks, whereas the (HHH)
Bragg peaks do not split. This indicates a tetragonal distortion
and specifically precludes a rhombohedral distortion.

The temperature dependence of a longitudinal 8 — 26 scan
through the Q = (006) peak is plotted in Fig. 4(a). This is
an unfiltered copper source with K,; and K, radiation. Both
components yield a split (006) peak below Ty. The distortion
was quantified by fitting the & — 26 scans to Lorentzian func-
tions while constraining the ratio of the K,;/K,, integrated
intensity to be temperature independent and set by its fitted
value obtained at high temperatures. Examples of these fits
are included in Fig. 4(a). The temperature dependent lattice
parameters inferred from this analysis are shown in Fig. 4(b).
The order parameter-like temperature dependence is similar
for both warming and cooling with no hysteresis detected
down to the 100 mK temperature scale. For comparison the
hysteresis detected through heat capacity measurements was

13 mK (Fig. 2). A single (006) Bragg peak with a lattice
parameter of 6.2095(1) A above Ty splits into two peaks with
lattice parameters 6.2143(1) A and 6.2075(1) A below Ty.
Assuming an approximately volume conserving phase transi-
tion implies that the lattice parameter that changes most is the
¢ axis. This indicates the structural unit cell elongates along
the ¢ axis in the AFM state with ¢/a = 1.0011(1) at 5 K.
We note that an orthorhombic distortion with the a and b axis
differing by less than 0.002 A is not excluded by these data.

A possible space group for HoBi below Ty is the max-
imal tetragonal subgroup of the paramagnetic space group
Fm3m, which is I4/mmm. The structural parameters in the
tetragonal phase are ar = by = 6.2075(1)/+/2 A and ¢ =
6.2143(1) A, where the ay and by axes are rotated by 45°
relative to the a and b axes of the paramagnetic simple cubic
cell. In this space group Ho>* ions occupy a single 2a Wyck-
off site and the magnetic ordering vector is k = (%O%). While
we must use the tetragonal space group below Ty, we continue
to use the cubic unit cell to index wave vector transfer in
the neutron scattering experiments, which do not resolve the
multidomain tetragonal distortion.

D. Spin structure

As described in the previous sections, the magnetic order
111

has a characteristic wave vector k = (55 5). In addition to the
corresponding low 7 magnetic Bragg peaks, the intensities
of all nuclear Bragg peaks are observed to increase below
Ty. The increase of intensity is approximately proportional
to the intensity in the paramagnetic phase, which indicates it
arises from secondary extinction release [47]. To check this
hypothesis, we performed polarized neutron diffraction on the
(002) and (220) Bragg peaks below Ty and found them to be
exclusively nuclear in origin.

We note that weak k = (001) Bragg peaks also onset at
Ty. Examples of these peaks include the (001) and (111)
Bragg peaks [see Fig. 3(c)], which are forbidden within the
Fm3m space group. These Bragg peaks are attributed to mul-
tiple magnetic scattering as their presence depends on both
the employed incident neutron wavelength and the scatter-
ing plane, and they are absent in powder neutron diffraction
measurements [36]. The multiple scattering processes involve
magnetic k = ( %%%) Bragg reflections so they occur only for
T < TN.

Referring to fcc close packing, the AFM k = (%%%) spin
structure can be described as an AFM stacking of FM trian-
gular lattices. As the magnetic order and structural distortion
in HoBi occur in a single first order phase transition, the
direction of the spins in each FM sheet is not constrained by
the usual Landau argument for second order phase transitions.
To determine the local spin orientation of the Ho®* ions,
we collected 18 rocking scans at different magnetic Bragg
positions for a sample presumed to be in an unbiased mul-
tidomain state. The data were compared to a cubic domain
average of the calculated magnetic Bragg diffraction for a
general spin orientation within one domain given by spherical
angles 6, ¢, and k = (%%%). Here 6 = 0 corresponds to the
tetragonal ¢ direction and 6 = /2 and ¢ = 0 correspond to
the [110] direction. Minimizing with respect to the moment
size at each point, the x> measure of fit quality is shown
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versus 6 and ¢ in the inset panel of Fig. 4(c). The manifold
of states represented by the red arrows in Fig. 1 are indis-
tinguishable by neutron diffraction. This degeneracy arises
because the magnetic diffraction intensity for a multidomain
sample only depends on the smallest angle between the spin
and a (111) axis. From our refinement, we find this angle
is 47(10)°. This is experimentally indistinguishable from the
angle between [001] and [111], which is 55°. This means the
magnetic diffraction data are consistent with spins pointing
along the [001] directions, but also with many other directions
including close to the [110] direction.

Fortunately the spin anisotropy of the Ho>* ions can be
deduced from other pieces of information. First, the low-
temperature magnetization of HoBi shown in Fig. 4(d) reveals
the saturation magnetization is larger for fields along the
[001] direction than along [110]. Second, the structural dis-
tortion also occurs along the [001] direction. Both of these
measurements are consistent with spins oriented along the
tetragonal ¢y axis in the AFM ordered state. Additionally,
in Sec. IIIF we show that a [001] easy axis anisotropy is
needed to accurately model the inelastic neutron scattering
spectrum below Ty. We thus conclude the spins in the AFM
type II order of HoBi are oriented along the ¢ direction,
which is the direction of the structural elongation. The com-
parison between measured and calculated magnetic Bragg
intensities is shown in Fig. 4(c). The corresponding spin struc-
ture is shown in Fig. 1. An ordered moment of 10.3(6)up
was determined, which is experimentally indistinguishable
from the g/up = % x 8up = 10up saturation magnetization
of Ho'™.

E. Crystal electrical field interaction

For Ho*" ions, the J = 8 spin-orbit ground state manifold
is (2J + 1) =17 fold degenerate under full rotation sym-
metry. This degeneracy is, however, lifted by the symmetry
breaking crystal electric fields (CEF). Using the Stevens op-
erator formalism, the CEF Hamiltonian appropriate for Ho**
in the high-temperature cubic phase of HoBi can be expressed
as follows:

HEP = B4(0) + 503) + Bo(0F — 210%). (1
Here 0;;’ are Stevens operators [48] that can be written in
terms of the spin-orbital angular momentum operators J,,
f_, and fz, where Z || ¢. The CEF parameters B, are scalars
of dimension energy that dictate the strength of the different
CEF terms and can be determined by fitting spectroscopic
or thermomagnetic data sensitive to the crystal field level
scheme. B, can also be estimated through the point-charge
model [49].

Following Hutching’s formalism [49] the point charge
model yields

7 i1 By (r*
g, = Tellanps .
64 eody,;

and
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FIG. 5. Determination of the crystal electric field (CEF) level
scheme for the J = 8 Ho®>" ion in HoBi. Panel (a) shows the results
of a point charge (PC) calculation for the cubic and tetragonal phases.
The cubic CEF scheme may be compared to the level scheme for the
fitted CEF Hamiltonian of HoBi. Panels (b) and (c) respectively show
the temperature dependence of the magnetic heat capacity (C,) and
the inverse magnetic susceptibility of HoBi compared to correspond-
ing properties based on the fitted CEF Hamiltonian. The magnetic
entropy obtained from integrating the C, of HoBi is shown in the
inset of (b). The measured (d) and calculated (e) inelastic neutron
scattering spectra of HoBi are shown for T = 12 K. The neutron
inelastic scattering data were acquired using a 25 meV incident
neutron beam.

Here e is the electron charge, gp; is the charge of the Bi
ligand, and ¢y is the vacuum permittivity. §; and y, are
reduced matrix elements calculated in Ref. [48], whereas
the radial integrals for the 4f state (r") are tabulated in
Ref. [50]. We used gp; = —3e and the distance between a
holmium ion and its first NN bismuth ion dg; = a/2 = 6.2093
(1)/2 A. Introducing these values in Egs. (2) and (3) we ob-
tain By = —2.2709(2) x 10™*meV and Bs = —1.0468(1) x
107" meV.

The corresponding CEF level scheme for Ho*" in the cubic
phase of HoBi is shown in Fig. 5(a). The Ho** J multiplet
is split into four triplets, two doublets, and one singlet that
form three groups. Group I includes one doublet, one triplet,
and one singlet between 0 and 0.2 meV. Group II is formed
by two triplets between 6 meV and 7 meV and group III
consists of a doublet and a triplet between 9 meV and
10 meV.
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The CEF Hamiltonian estimated from our point-charge
calculation can reproduce the temperature dependence of the
magnetic heat capacity C, [Fig. 5(b)] and magnetic sus-
ceptibility x [Fig. 5(c)]. Obtained by integrating C,/T, the
temperature dependence of the entropy shown in the inset of
Fig. 5(b) is informative. A first entropy plateau near 10 K is
associated with the sharp C, anomaly at the phase transition
to long range magnetic order. The corresponding change in
entropy of AS = R In6 is that associated with the group I
CEF states. The second plateau at S = R In 17 is reached at
room temperature and encompasses all of the entropy associ-
ated with the three groups of crystal field levels.

For a more stringent test of the point charge model, we
turn to inelastic neutron scattering. Figure 5(d) shows the
12 K inelastic neutron scattering spectrum with energy trans-
fer ranging from O to 15 meV. At this temperature, the group
II and IIT of CEF states are so scarcely populated that only
CEF excitations originating from group I should be visible.
No significant intrinsic broadening of the CEF excitations is
observed and we note, also, that the experimental resolution
is too coarse to resolve CEF levels within a group. The mag-
netic neutron scattering cross section associated with CEF
transition from group I to II and from group I to III can be
computed based on the point charge CEF Hamiltonian (Z,,,,
> mlJi|n) [%). This calculation predicts the cross section for
transitions from group I to group II is 250 times stronger than
for transitions from group I to group III. The intensity of the
transition from I to III is thus predicted to be too weak to be
detected. This explains why Fig. 5(d) shows just a single peak
that we associate with transitions from group I to group II
crystal field levels.

While the measured 7.2 meV gap between group I and
group II CEF levels is just 0.4 meV off from the point
charge prediction of 6.8 meV, we can improve our estimate
of the CEF Hamiltonian by simultaneously fitting B4 and
B¢ for the best possible account of the neutron scattering
spectra [Fig. 5(d)], the specific heat data [Fig. 5(b)], and the
magnetic susceptibility data [Fig. 5(c)]. The best fit parame-
ters thus obtained are By = —2.24(1) x 10~*meV and Bg =
—2.4(1) x 107" meV and with them the CEF Hamiltonian
provides an excellent account of all single ion properties that
we have measured, as shown in Fig. 5. We also note that the
calculated single-ion magnetic susceptibility (x) of the Ho**
ions has an Ising spin anisotropy at low temperatures with
xpoo11/ X0 = 1.53 at T = 10 K. This further validates the
[001] spin anisotropy of the AFM order in HoBi.

The CEF scheme obtained from our fit [Fig. 5(a)] is
remarkably similar to the point-charge calculation. Also a
re-scaling of our CEF Hamiltonian for HoBi using Eq. (2)
and Eq. (3) considering only the different ligand spacing suc-
cessfully predicts the level scheme for HoN [51]. This is in
contrast with the praseodymium case where a pnictide ligand
charge of ¢ = —2e is needed to bring the point charge model
into agreement with experimental data [5]. This indicates that
holmium monopnictides are more ionic than praseodymium
monopnictides.

Finally, we estimated the effect of the tetragonal distortion
on the CEF interaction in HoBi. We performed a point-charge
calculation assuming that the first NN Ho-Bi bond is shorter
along the a and b direction (d,) as compared to the ¢ direction

(d.). The calculated CEF Hamiltonian can be written as

le||gBil 1 I\ A
tet __ 2 0
cer = 4meq {o:,(r )(ﬁ B @)02
+ Bi(rt) > Voo + 2204
/ 4d5 16d3 16d5 o

+ yj<r6)[<8d7 N 64d7) 64d7 ]} @

The corresponding level scheme is shown in Fig. 5(a). For
this calculation, we used the lattice parameters determined in
our high-resolution x-ray scattering experiment. The degen-
eracy of all the triplets and doublets associated with cubic
symmetry is lifted. This results in four doublets and nine sin-
glets and a significant broadening of each of the three groups
of crystal field levels.

F. Low energy spin dynamics

We now turn our attention to the collective physics of
HoBi, which we explore using inelastic magnetic neutron
scattering. Figure 6(a) shows the temperature dependence of
the inelastic scattering for Q = (%%%). Just above Ty, the
scattering is quasielastic with a physical (resolution corrected)
FWHM of 0.30(5) meV. No inelastic intensity is observed
up to 2 meV. This is consistent with the CEF energy scheme
shown in Fig. 5(c). Below Ty, the quasielastic scattering splits
into an elastic and an inelastic component.

To probe any dispersion of the low energy spin excita-
tions, we acquired low energy spectra at momentum transfer
Q corresponding to high symmetry points in the Brillouin
zone. Figure 6(b) shows the spectrum consists of a peak that
is broader than the experimental resolution (FWHM indi-
cated by horizontal bar) and that shifts by less than the peak
width between the different values of Q. A Gaussian fit finds
the peak centered at 1.7(2) meV with a FWHM of 0.48(4)
meV that exceeds the instrumental resolution (FWHM of
0.22 meV). The limited resolution and statistical accuracy of
the data does not rule out the possibility of multiple dispersive
components within the approximately Gaussian envelope of
the peak.

We also examined the higher energy excitations for T < Ty
by acquiring momentum resolved inelastic scattering data up
to 11.5 meV. A representative slice through the data is dis-
played as a color image versus Q along the (HH0) direction
and energy transfer in Fig. 6(c). No dispersion is resolved.
The data are similar to the high-temperature plot of intensity
versus |Q| and fiw in Fig. 5(d) though with additional inelastic
features at 9.0(3) meV and 1.7(2) meV.

Figure 6(e) shows the momentum dependence of the inte-
grated intensity of the 1.7 meV mode throughout the (HHL)
zone. The Q dependence of the intensity is subtle albeit
peaked at the magnetic (4 11) zone center and smoothly de-

222

creases with |Q| in accordance with the Ho’* magnetic form
factor [41]. We note that the 1.7 meV gap is about an order
of magnitude greater than the predicted CEF gap arising from
the tetragonal distortion. This indicates the phase transition is

driven by the magnetic interactions, which we model below.
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FIG. 6. Temperature dependence of the low energy inelastic neu-
111

tron spectrum of HoBi at Q = (533) is shown in panel (a). The
spectrum of neutron scattering at some high symmetry positions
within the first Brillouin zone of HoBi are shown in (b).The hor-
izontal black bar indicates the FWHM energy resolution of the
spectrometer, while the black dashed lines show the predicted spec-
trum based on the spin Hamiltonian presented in this work. The
energies associated with each exciton are indicated by vertical black
dashed lines. The observed and calculated inelastic neutron scatter-
ing spectrum up to 11.5 meV are respectively plotted in (c) and
(d) for momentum transfer Q along the [HHOQ] direction. The ob-
served and calculated momentum dependence of the 1.75 meV
exciton scattering intensity is shown in (e) and (f). The energy in-

tegration for panel (e) is 0.25 meV.

IV. MODELING SPIN DYNAMICS
OF SPIN-ORBITAL EXCITONS

The low-temperature excitations in HoBi are similar to
other rare-earth metallic compounds where exchange interac-
tions are strong enough to mix crystal field levels [4,52,53].
Because components that are longitudinal with respect to
the ordered moment are involved, these are not conventional
transverse spin wave excitations. They may be described as
crystal field excitations that can propagate through the lat-
tice due to intersite interactions. We shall adopt the practice
of calling these “crystal field exciton” or simply “exciton”
[54-56].

A common theoretical approach to describing excitons in
rare-earth magnets is to use a pseudoboson theory where the
exciton creation operator is a linear combination of single-
ion operators [53,57,58]. In this theory, the Q = 0 single-ion
operators are obtained by diagonalizing the mean-field spin
Hamiltonian and the dispersion at finite Q is produced by the

exchange terms. We use this pseudoboson theory to describe
the magnetic excitation spectrum of HoBi below Ty. The
Hamiltonian H; includes the single-ion tetragonal crystal field
terms and isotropic exchange interactions. H is decomposed
into a mean-field term (Hp ;) and an interacting part (Hiy) S0
Hs =, Hox + Hine, where

Hox = Higr  + (—D'H.J}. (5)
and

Ho= Y JHEIT =N fmIE. ©)
J.k

3 kK

Here j indexes the unit cell, while k = 1, 2 specifies the
antiparallel sublattices of the AFM order (Fig. 1). We de-
fine H, =2 Zr Z,9,(J;), where [, and Z, are respectively
the exchange constant and coordination number associated
with the rth neighbor. (J;) is the thermal average of J, on
each site, which we constrained to (J,) = 8 since we found
from our neutron diffraction experiment that the Ho** ions
achieve their full saturation moment within the ordered state
(10up). By definition, Hj, carries no mean value and so
can be written in terms of creation (&Z’k = |n, k){0, k|) and
annihilation (&, = |0, k)(n, k|) operators that connect the
ground state |0, k) and the excited eigenstates |n, k) of Ho,k- In
this case, Ho,k = Zn En&j,, «ank» Where E, ; is the eigenvalue
of the |n, k) eigenstate of H,;. After writing A, in terms of
these operators and Fourier transforming it, we obtain

N 1 . .
Hy =7 D 1@ (Q)AQ)aQ) + a' (—Q) A(—Q)a(—Q)
Q

+4'(Q BQ)'(-Q) + a(-Q BQa(-Q)), (1)

with A = A + 2]/;1ZZ + fl+_ + fl_+ and B = Qflzz =+ il++ =+
h-_, where A=E, 8x8yn and hop(k, k' n,n',Q) =
J(Q)(k, nlJy |0, k) (K", OlJg|n', k7).

The procedure to compute the spin dynamics first con-
sists of diagonalizing Hy; to obtain the eigenvalues E, ; and
eigenvectors |n, k) for Q = 0. At finite Q, the matrix H, =

(f‘B fA) is then computed and diagonalized to obtain the
perturbed energies [E;(Q)] and eigenstates |7i(Q)) for each
exciton. We consider all the excited CEF states belonging
to the (2J 4 1) spin-orbit manifold of HoBi so there are 32
creation and annihilation operators for each of the two Ho**"
spins within the magnetic unit cell. This gives a Hilbert space
of 64 states for Hy. The associated inelastic magnetic neutron
scattering cross section for a single magnetic domain is then
[53,57]

2

dE dQ

_ 2kr g 2
= N0y |57

x> Q)| QIGS)PS(E — Ex(q))

.4, Tm
xAQ—q— Tm). ®)

Here N is the number of primitive magnetic unit cells, y =
—1.91 is the gyromagnetic ratio of the neutron, ro = 2.818 x
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10~ m is the classical electron radius, T is the magnetic
zone center, and q is the reduced momentum transfer within
the first magnetic Brillouin zone, while k; and k; respec-
tively are the scattered and incoming neutron wave vectors.
The measured spectrum is subject to the finite resolution
of the instrument which we account for by replacing the
delta functions by a united normalized Gaussian function
with the Q-integrated energy resolution width. The final cal-
culated spectrum was averaged over all possible magnetic
domains.

V. MICROSCOPIC SPIN HAMILTONIAN
FOR HOLMIUM BISMUTH

We determined the microscopic parameters of H, for HoBi
by fitting the Q = 0 spectrum consisting of three excitons
at £y = 1.72)meV, E; = 7.4(2)meV, and E3 = 9.0(3) meV
with relative intensities I, /I} = 5.5(3)and I, /I; = 37(7). Em-
ploying the ratio ||J/J;|| = 2.17 obtained by analyzing the
magnetic diffuse scattering (Sec. III B) leaves just one free
parameter for the exchange interactions. A 66 times bigger
x? is obtained by fitting the excitons using the paramagnetic
cubic CEF Hamiltonian as opposed to considering the tetrag-
onal distortion. The tetragonal CEF Hamiltonian has six free
parameters that were initially estimated from the point-charge
model. To reproduce the exact energies of the excitons at E;
and E3, we allowed the CEF parameters to relax away from
their point-charge values which results in many combinations
of parameters consistent with the data. We estimated the ex-
change constants by varying the CEF parameters away from
their point-charge calculation values and keeping all solutions
that have a x2 within 20% (1 /Nobs) of the global mini-
mum. The exchange parameters refined to J; = —1.4(2) ueV
and J, = 3.0(5) ueV. A mean-field critical temperature of
20(7) K is obtained from these parameters. For compari-
son, the actual ordering temperature is only Ty = 5.72(1) K,
but we note that the mean-field critical temperature corre-
sponds to the temperature at which short-range correlations
onset [see Fig. 3(f)]. We hypothesize that fluctuations aris-
ing from competition between the ferromagnetic J; and the
antiferromagnetic J, interactions lead to the reduced critical
temperature.

The right column of Fig. 6 compares the optimized model
for a multidomain sample to the experimental data. Fig-
ure 6(d) shows the full intensity versus /iw and Q || (HHO)
for comparison with Fig. 6(c). The position and relative inten-
sity of the three modes are well reproduced. Looking more
closely at the 1.75 meV mode, Fig. 6(b) compares the in-
tensity versus energy transfer at select high symmetry points
in the Brillouin zone. The vertical dashed lines show that
multiple excitons contribute at each Q. This is generally con-
sistent with the featured spectrum observed, though there is
more broadening/dispersion observed than reproduced by the
model. Inclusion of anisotropic or longer range interactions
might be needed to remedy this discrepancy, though data with
higher energy resolution is needed to justify the greater model
complexity. Figure 6(f) shows the calculated Q-dependent
integrated intensity of the 1.75 meV mode. The dominant
features of the experimental result in Fig. 6(e) are reproduced,
including mainly the increase of scattered intensity at the

magnetic zone centers. We note the presence of phonon scat-
tering near Q = (002) that may account for the discrepancy
between the calculation and the experimental data at that
momentum point.

VI. DISCUSSION AND CONCLUSION

In this manuscript, we have characterized an antiferro-
magnetic order and the associated crystal field excitons that
develop below Ty = 5.72(1) K in the rare-earth monopnictide
HoBi. This magnetic state is driven by strong second NN anti-
ferromagnetic and weaker first NN ferromagnetic interactions,
which we quantified via modeling of the diffuse paramagnetic
and low temperature inelastic neutron scattering. The excita-
tion spectrum is sensitive to the local orientation of the Ho**
ordered spins, which allowed us to establish the Ising nature
of the antiferromagnetic order in HoBi that cannot be deduced
from neutron diffraction of a multidomain sample. We used
x-ray diffraction to provide evidence for a tetragonal struc-
tural distortion that accompanies magnetic ordering. Our CEF
analysis and modeling of inelastic scattering data indicates the
elongated ¢ axis coincides with the easy magnetic axis within
a domain.

The magnetic excitations that we have documented here
surely have significant impacts on the magnetotransport prop-
erties of HoBi [34]. For example, we found strong quasielastic
neutron scattering in the paramagnetic state. The associated
short range correlated spin fluctuations, which may be ac-
companied by short range tetragonal lattice distortions too
given the non-Kramers nature of the Ho*", are expected to
enhance the electrical resistivity above Ty. Below Ty, these
gapless fluctuations are replaced by a coherent exciton at
1.7(2) meV and correspondingly the electrical resistivity is
reduced by an order of magnitude upon cooling below Ty [34].
The field dependence of spin-orbital excitons may be respon-
sible for various features observed in the magnetoresistance
of HoBi and more broadly in the rare-earth monopnictides
[23-29].
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