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A significant number of Kondo-lattice ferromagnets order perpendicular to the easy magnetization axis
dictated by the crystalline electric field. The nature of this phenomenon has attracted considerable attention, but
remains poorly understood. In the present paper we use inelastic neutron scattering supported by magnetization
and specific heat measurements to study the spin dynamics in the hard-axis ferromagnet CeAgSb,. In the
zero-field state we observed two sharp magnon modes, which are associated with Ce ordering and extended up to
~3 meV with a considerable spin gap of 0.6 meV. Application of a magnetic field perpendicular to the moment
direction reduces the spectral intensity and suppresses the gap and significantly enhances the low-temperature
specific heat at a critical field of B, ~ 2.8 T via a mean-field-like transition. Above the transition, in the
field-polarized state, the gap eventually reopens due to the Zeeman effect. We modeled the observed dispersion
using linear spin-wave theory taking into account the ground-state I'¢ doublet and exchange anisotropy. Our
model correctly captures the essential features of the spin dynamics including magnetic dispersion, distribution
of the spectral intensity, as well as the field-induced behavior, although several minor features remain obscure.
The observed spectra do not show significant broadening due to the finite lifetime of the quasiparticles. Along
with a moderate electronic specific heat coefficient y = 46 mJ/mol K? this indicates that the Kondo coupling
is relatively weak and the Ce moments are well localized. Altogether, our results provide profound insight into
the spin dynamics of the hard-axis ferromagnet CeAgSb, and can be used as solid ground for studying magnetic
interactions in isostructural compounds including CeAuSb,, which exhibits nematicity and unusual mesoscale

magnetic textures.
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I. INTRODUCTION

Ferromagnets are the simplest systems showing sponta-
neous time-reversal symmetry breaking. In the ordered state,
the magnetic moments of all individual ions are pointed along
the same direction creating a net moment. Usually, the di-
rection of the spontaneous magnetization in ferromagnets is
dictated by the magnetocrystalline anisotropy, which aligns
the ordered moment along the preferred crystallographic di-
rection due to a combination of the spin-orbit coupling (SOC)
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and the crystalline electric field (CEF). The CEF couples
the lattice to the electronic orbital angular momentum and
this in turn is coupled to the spins via the SOC. This gen-
erally leads to a single crystallographic direction, to which
the spins prefer to be either parallel (easy-axis anisotropy)
or perpendicular (easy-plane anisotropy). In 4f intermetallic
compounds, the primary exchange interaction is the indirect
Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange, which is
long-ranged and oscillatory [1-3]. This results in a competi-
tion between antiferromagnetic and ferromagnetic exchange
interactions, which can lead to frustrated magnetic structures
[4]. In reality the majority of Ce- and Yb-based intermetallics
are antiferromagnets. Only a small number of ferromagnetic
4 f intermetallics are known and most of them order along the
hard axis showing the Kondo-lattice behavior [5-7].
Tetragonal CeAgSb, (space group P4/nmm, No. 129) is a
rare example of a ferromagnetic Kondo-lattice material. The
Kondo coupling between localized Ce ions and conduction
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electrons sets at a temperature near or slightly above the
Curie temperature, 7c = 9.6 K, inferred from the moderately
enhanced Sommerfeld coefficient y = 46 mJ/mol K? above
Tc and a local maximum in the temperature dependence of the
electrical resistivity [8—11]. In the tetragonal crystal structure,
the CEF lifts the sixfold degeneracy of the Ce*" ground-state
multiplet and splits it into 3 Kramers doublets. Analysis of
high-field magnetization, thermal expansion, and specific heat
measurements established the CEF scheme, which consists
of a I'¢ doublet ground state and two I'; doublets at 5.9 and
12.5 meV with respect to the ground state [12]. An estimate of
the leading terms to the CEF splitting parameters, specifically
the Bg term, was obtained in Ref. [9].

The ferromagnetism and a weak Kondo-lattice behavior
seem to co-exist at the lowest temperature as indicated by
photoemission spectroscopy measurements [13]. The ordered
moment points along the ¢ axis only, and no antiferromag-
netic component was found in previous neutron diffraction
measurements [12]. Nevertheless, the ferromagnetism of
CeAgSb, is quite remarkable, in a sense that the ordered
moment points along the hard direction, and not along the
a axis, although the high-temperature magnetic susceptibility
is greater along the a axis at T > T¢ [9,12]. It has been
suggested, based on results of inelastic neutron scattering
measurements, that the ordering along the hard axis is due
to strong exchange anisotropy, and the exchange interaction,
J;, which couples z components of the spin operator is much
stronger compared to the in-plane exchanges Jy, [12]. An
alternative explanation of this phenomenon involves strong
anisotropic quantum critical spin fluctuations, which desta-
bilize the order in the ab plane and promote the hard-axis
ferromagnetism [5,14]. An even more intriguing scenario in-
volves Kondo fluctuations, which promote hard-axis ordering
as recently discussed in Ref. [15]. Here we report extensive
single-crystal inelastic neutron scattering (INS) measure-
ments on high-quality samples of CeAgSb; and consider these
scenarios.

II. BULK MEASUREMENTS

As the first step we performed characterization of our
samples by means of magnetization and specific heat mea-
surements. The magnetic field dependence of the magnetiza-
tion, m(B), measured at 2 K in the geometry with B || ¢ and
B || a is shown in Fig. 1. Magnetization with B || ¢ saturates
at ~0.47 ug/Ce (up is the Bohr magneton) below 0.01 T
and shows a weakly field-dependent behavior at field up to
7 T consistent with the ordered moment oriented along the
c axis. When the magnetic field is applied along the a axis,
the field dependence of the magnetization is linear at fields
up to the inflection point at ~2.8 T, above which the magne-
tization increases only weakly reaching ~1.29 ug/Ce at 7 T
in agreement with Refs. [8—10,12]. The higher magnitude of
the moment attained when B || a is due to asymmetry of the
ground-state wave function and is consistent with the ground
state being the I'¢ doublet. We conclude that in fields above
~2.8 T the ordered moment is fully rotated and directed along
the a axis. The temperature dependence of the magnetization
measured with B || a shows a cusp at Tc = 9.6 K. Above
Tc, the magnetization with B || @ is larger than with B || c,
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FIG. 1. (a) Isothermal magnetization m, measured for B || ¢ and
B || a axes at 1.8 K. (b) Temperature dependence of magnetization
measured for B=0.1T || ¢ and B | a axes. Note the crossing of
magnetizations near 7c = 9.6 K. Inset shows inverse magnetization
1/m for both orientations of magnetic field. (c) Temperature de-
pendence of the specific heat divided by temperature in magnetic
fields applied along the a axis. (d) Magnetic field dependence of the
specific heat at 1.8 K with B || a.

suggesting that the a axis is the easy axis. However, at tem-
peratures slightly above T, the magnetization curves cross
and CeAgSb, orders along the hard ¢ axis in good agreement
with data shown in Ref. [9].

The specific heat shows a lambda-like anomaly at T¢ =
9.6 K, which corresponds to a continuous transition into
the ferromagnetic state. The electronic part of the spe-
cific heat above the transition temperature approximates to
~46 mJ/mol K?. The entropy S released at the transition
amounts to approximately 0.9RIn 2, where R is the gas con-
stant. These observations suggest that the ferromagnetism
develops from a moderately correlated paramagnetic state, the
Kondo-lattice effect is relatively weak, and one can treat the
material like a local moment system. When the magnetic field
is applied along the a axis the anomaly in the specific heat
decreases in size and shifts to low temperatures at fields up
to 2 T. A putative quantum critical point was suggested at
~2.8 T based on magnetization measurements [10,16,17]. A
broad feature, which develops at fields above 2 T, most likely
corresponds to a Zeeman splitting of the ground-state doublet.
Specific heat measured as a function of the magnetic field
B || a at 1.8 K shows a sharp peak at 2.8 T, which corresponds
to a full rotation of the ordered moment toward the a axis.

II1I. SPIN DYNAMICS AT ZERO FIELD
A. CNCS data

We start the presentation of our INS data with the spectra
collected at the Cold Neutron Chopper Spectrometer (CNCS)
at zero field deep inside the FM phase at 1.7 K, which are
shown in Figs. 2(a) and 2(c). The excitation spectra consist of
sharp spin waves with a bandwidth of ~3 meV and a gap of
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FIG. 2. Spin-wave dispersion of CeAgSb, in ferromagnetic state
at 1.7 K and 0 T measured at CNCS in (HKO) (a) and (HOL)
(c) scattering planes. The data are integrated by £0.08 A~' in two
orthogonal directions. (b), (d) Magnon spectra for the same path as
in panels (a) and (d), respectively, calculated using SpinW software.
(e), (f) Sketches of structural “small” and magnetic “large” Brillouin
zones for (HOL) and (0K L) scattering planes shown by orange dotted
and blue solid lines, respectively. The green arrows show the paths
in the reciprocal space for the spaghetti plot in panels (a)-(b) and
(c)—(d), respectively.

~0.6 meV. Comparing different paths in Figs. 2(a) and 2(c)
one can clearly see that the dispersion along the L direction is
weaker compared to in-plane directions. Such a behavior un-
ambiguously indicates the quasi-2D character of the magnetic
exchange interactions in the system, in agreement with naive
expectations for the layered crystal structure of CeAgSb, .
It is worth noting that the out-of-plane dispersion branches
[such as the Z-I"-Z path in Fig. 2(c)] are much broader than
the in-plane ones, which are sharp and resolution-limited.
However, this broadening is not due to the intrinsic short
lifetime of the magnons, but rather a consequence of the very

steep dispersion in the orthogonal directions and the finite
integration width (AQ = +0.08 A~"), which we have to apply
to our data in order to achieve a reasonable signal-to-noise
ratio in the spaghetti plots; see Appendix C for details.

The unit cell of CeAgSb, contains two Ce ions; therefore
one may expect to observe two magnon modes. Our data
indicate that in the majority of the Brillouin zone only a sin-
gle mode carries spectral intensity. However, both modes are
clearly visible in the middle of the magnetic Brillouin zone,
when L = @ As arepresentative example see the (10%) —
(00%) path of the spaghetti plot displayed in Fig. 2(c). In
addition, the two modes have a crossing point at zero field
on the (00%) — (%0%) path.

It is worth noting that in the previous report on spin dynam-
ics in CeAgSb, the spectra were measured with significantly
lower statistics and resolution using a triple-axis neutron spec-
trometer and the authors did not observe the second mode
[12]. Therefore, for simplicity they considered a lattice with
higher symmetry assuming Ce atomic coordinate z = %, when
describing the spin dynamics. In contrast, our data clearly
indicate a need to take into account the real crystal structure.
We also note that both the magnetic and the crystal struc-
ture of CeAgSb, have the same periodicity, and therefore
the magnetic dispersion can be uniquely identified within
a single crystallographic Brillouin zone. However, because
CeAgSb, contains two Ce sites per unit cell, the intensity
modulation follows the extended (also known as “unfolded”
[18,19]) Brillouin zone. The “small” crystallographic and the
“large” magnetic Brillouin zones are schematically shown in
Figs. 2(e)-2(f) for the (HKO0) and (HOL) scattering planes,
respectively, and the high-symmetry points are marked ac-
cording to the unfolded Brillouin zone.

B. Linear spin-wave model

The magnetic single-ion ground state of Ce** ions in
CeAgSb; is the I'g doublet [12], while the first excited doublet
is separated by a substantial energy gap of ~6 meV (see
Fig. 6), which is above the magnon bandwidth. Thus, in the
first approximation, we can constrain ourselves and consider
the low-lying doublet only. Therefore, we use a pseudo-S =
1/2 approximation, when describing the low-energy spin dy-
namics, as was done previously for many Yb- and Ce-based
materials [20-24].

We model the low-energy spin dynamics using linear
spin-wave theory (LSWT). In the general case, the spin
Hamiltonian for a tetragonal system includes two main terms:
(1) the symmetric Heisenberg exchange interaction J, which
controls the bandwidth and overall shape of the magnons;
(ii) single-ion anisotropy K, (S%)?, which defines the preferred
orientation of the magnetic moments and opens a gap in the
spectrum. However, in the case of § = 1/2 the single-ion
anisotropy term is absent, and to reproduce the gap we used an
exchange anisotropy instead assuming J* 2 J*¥. For simplic-

ity we assumed that V{i, ]} w = constant. This is because the
J; s

ratio j—g, affects mainly the gap, and, therefore, an individual
i

fitting of this ratio for each J;; increases drastically the number

of free parameters and therefore is hardly feasible using our

data.
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FIG. 3. Zero-field magnetic structure and anisotropic exchange
interactions in CeAgSb, in order of increasing Ce-Ce bond length.
Only Ce ions are shown. (a) J; and J; are in-plane interactions along
[100] and [110] directions; J, and J4 are nonequivalent out-of-plane
interactions due to the fact that the z coordinate of Ce 0.2388 i.
(b) Js, J7, and Js are out-of-plane and in-plane interactions between
Ce in neighboring unit cells. (c) Js and Jy are interactions along [120]
and [331] directions correspondingly.

Our model Hamiltonian is given by

M=) [JESiST+ 7 (S5 +S7SY)] + nogH Z S.. (1)

tj J
(i,)

Summation in the first term runs over the different pairs of
Ce ions as schematically shown in Fig. 3, and the second
term shows the effect of external magnetic field, as will be
discussed below. The g factor is a 3 x 3 diagonal matrix with
8x = &y = 3, g; = 1 for the I'¢ doublet.

The crystal structure of Ce AgSb, consists of square lattices
of Ce ions, which are stacked along the ¢ axis, with a relative
shift of [%%O] with respect to each other (see Fig. 3). More-
over, because the atomic z coordinate of Ce ions 0.2388 # %,
the distances between the layers are not equal to each other.
Thus we can consider the crystal structure as a quasi-bilayer.
The minimal set of the exchange interactions, which is re-
quired to couple all the Ce ions, consists of one in-plane
exchange J; and two out-of-plane interactions within and
between the bilayers J, and J;.

TABLE 1. Exchange interactions, J,,, in CeAgSb, determined
by fitting of the 0 T data set. All energies are given in meV units.
Negative sign corresponds to FM exchange.

Exchange Value Exchange Value

Ji —0.15(3) Jo 0+0.02
J —0.04(4) J7 —0.014(6)
J3 —0.25(3) Js —0.070(2)
Ja —0.02(4) Jo —0.076(1)
Js —0.05(6) J(Zl.yj)/J(Xif:i) 1.37(2)

As the first step we fitted these parameters in order to
describe the ground-state magnetic structure and an overall
amplitude of the magnons. Next, we begin to include further
neighbor interactions to describe some specific features of the
observed spectrum. The typical exchange, which has a clear
manifestation, is the long-distance coupling Jg (the in-plane
coupling along the [120] direction), which is required to de-
scribe a sharp upturn at the M point of the Brillouin zone;
see Fig. 2(a). The ninth exchange interaction Jy allowed us to
qualitatively reproduce the specific shape of the dispersion on
the X — M path [Fig. 2(a)].

In such a way we computationally found a minimal set of
parameters, which allowed us to qualitatively account for most
features of the observed spectrum. Then we fitted our model
to the energy of magnon modes at different Q points, which
were determined by individual fitting of the constant-Q cuts
at 109 points of reciprocal space to adjust all the exchange
parameters. The uncertainties of exchange interactions were
estimated by comparing results of the fittings with different
initial parameters.

The neutron scattering spectra were calculated using a
standard equation for the nonpolarized inelastic neutron scat-
tering cross section as implemented in the SpinW software
[25-28]:

do_ _ (& . A
dQudE; (ki>F(|Q|) aXﬁ:(%,ﬁ Q.Qp)

o0
) ./ (Sja(0)8 (1)) (/¥ ey ®)
—0oQ
x e Bt/ gy, 2)

The calculated spectra are shown in Figs. 2(c) and 2(d). One
can see a very good agreement between the calculated and ob-
served patterns, including not only the dispersion, but also the
redistribution of the spectral intensity between the modes over
reciprocal space. The ratio between the z and xy components

. . J&
of the exchange interactions was found to be 7% = 1.37. The

obtained parameters of our spin Hamiltonian (i) are given in
Table I.

The exchange interactions deduced in our work can be
directly compared with the set of parameters obtained in
Ref. [12] after a proper rescaling. In our approach we describe
the spin dynamic using conventional § = 1/2 formalism,
while Araki et al. considered the anisotropic I'6 ground-state
doublet explicitly. Thus, the exchange interactions from [12],
{I,y}, should be rescaled by g2 in order to be compared with

115169-4



MAGNETIC FIELD INDUCED SOFTENING OF SPIN ...

PHYSICAL REVIEW B 104, 115169 (2021)

0
X(010)

M(1/2 1/2 0) r(110)

Momentum (A™)

M(1/21/20)  X(0 10)

FIG. 4. Spin-wave dispersion measured in (HKO) scattering
plane with magnetic field applied along the ¢ axis using CNCS
spectrometer. Left and right parts of the figure show the spaghetti
plots along the same I' — M — X path in the reciprocal space at
0 and 2 T as indicated in the panels. The data are integrated by
+0.07 (r.L.u.) in two orthogonal directions. Black lines shows results
of spin-wave modeling. The width of the lines here and in all other
figures represents intensities of the magnetic modes.

the set of {/,,} given in Table I. The anisotropy ratio can
be recalculated as I./(g2l,,). We found very good agree-
ment for primary in-plane exchange interactions: J; = 0.15
(I =0.162), J3 = 0.25 (I, = 0.279), J3 = 0.07 (I = 0.063),
as well as for the anisotropy ratio, J,/J,, = 1.37 [I;/ (gﬁ]xy =
1.333)]. Our parameters are labeled as J; and Araki’s are
labeled as I; and given in parentheses in meV units. The out-
of-plane interactions are in poorer agreement, likely because
of different definitions of the lattice used in the two works as
described above.

We note that in order to further justify use of the § = 1/2
model we calculated the low-energy spin dynamics taking into
account the CEF explicitly by using the random phase approx-

imation (RPA) and compared the spectra with our LSWT data;
see Appendix D for details. The dispersion curves calculated
by both methods are almost identical, validating the use of the
S = 1/2 model.

IV. FIELD-INDUCED BEHAVIOR OF SPIN WAVES
A. INS results

To reveal the effect of magnetic field on the spin dynamics
of CeAgSb, we performed a series of INS experiments in two
geometries applying the magnetic field along the ¢ and a axes.
For the B || [001] geometry we used the CNCS instrument.
Figure 4 shows the spectra collected at O and 2 T along the
I' - M — X directions. One can see that the magnetic field
enhances the spin gap by ~0.1 meV, while the details of the
dispersion in both spectra look identical. The results are in
excellent agreement with the expectation for the ferromagnet,
polarized by the magnetic field. The observed field-induced
shift of the excitation energy agrees well with the Zeeman en-
ergy AE = g, upS x 2T =0.11 meV calculated for g, = 1.

However, more complex behavior is expected when mag-
netic field is applied along the in-plane direction B || [010]. In
Sec. IT we used magnetization and specific heat measurements
and showed that our sample exhibits a spin-reorientation
transition at B = 2.8 T. Thus, excitations are also expected
to be influenced by the transition.

We performed three experiments to study effect of the in-
plane magnetic field on the spin waves using the LET, CNCS,
and FLEXX neutron spectrometers. In order to avoid the sam-
ple torque when measuring the spectra above the B, we heated
up the sample above the Curie temperature, applied the target
magnetic field, and then field-cooled (FC) the sample to the
base temperature (T =~ 1.7 K).

Figure 5 shows the INS spectra collected using the LET
spectrometer at 0, 1, and 3 T, i.e., below and very close to
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FIG. 5. Spin-wave dispersion measured in (HOL) scattering plane with magnetic field applied along the b axis using LET spectrometer.
Panels (a), (b), and (c) show the data collected at 0, 1, and 3 T. The data are integrated by £0.07 (r.1.u.) in two orthogonal directions. The color
scale is identical for each panel. Black lines show results of spin-wave modeling. (d) Orange and blue lines show sketches of the structural and
magnetic Brillouin zones; the green arrows show the path of spaghetti plots.
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FIG. 6. CEF excitations extracted from high-energy INS data
measured using LET spectrometer with E; = 14.9 meV. (a),
(b) Powder-averaged INS signals of CeAgSb, measured at B=0T
and different temperatures, as indicated in panels. Note that these
patterns differ from the real powder signal, because the integration
was performed within the (HOL) scattering plane, rather than full
reciprocal space. Bright vertical excitation at high-|Q| is due to
acoustic phonons emanating from (200) structural peak. (c) Field
dependence of magnetic excitationsat 7 = 1.7 Kand B=0,1,3 T.
The curves were obtained by integration of the INS signal at low Q
within H =0+ —1.5;K =0%x0.1;L =0 =% 1.5 rl.u. Two shaded
peaks at &2 and ~6 meV show magnon and CEF excitations, re-
spectively. The data are shifted vertically for clarity.

the critical field. The zero-field spectrum shown in Fig. 5(a)
agrees well with the results obtained on the CNCS spectrom-
eter, and the spin-wave dispersion calculated using the set of
parameters deduced in Sec. III B describes well the observed
magnon dispersion. Application of the 1 T field (i.e., below the
critical value) has two effects: The spectrum gradually shifts
toward lower energies, which is accompanied by the decreas-
ing of the spectral intensity. However, the general shape of the
dispersion curve remains unaffected. Figure 5(c) shows the
INS spectrum collected at 3 T, very close to the critical field.
One can see that both the spin gap and magnon intensity are
suppressed further down. Because of the intensity’s suppres-
sion we were able to resolve clearly only a weak excitation
close to the I' point. The intensity of the signal at other parts
of the Brillouin zone was below the detection limit.

Taking advantage of repetition rate multiplication we col-
lected the spectra with higher incident energies, and thus
resolved the field dependence of the lower CEF level.
Figures 6(a) and 6(b) show the powder-averaged signal col-
lected below and above the T¢, respectively [29]. One can
see that the low-temperature spectrum at low-|Q| consists of
dispersive magnon excitations with bandwidth of ~2.8 meV
and first CEF level at 5.6 meV. We note that the first CEF
level also exhibits finite dispersion and its position agrees well
with previous reports. Due to use of relatively low E; we were
not able to resolve the second CEF level, which was observed
previously at 12.5 meV [12].
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FIG. 7. Spin-wave dispersion measured in (HOL) scattering
plane with magnetic field B = 6 T applied along the b axis using
CNCS spectrometer. The data are integrated by 40.07 (r.L.u.) in
two orthogonal directions. Black lines shows results of spin-wave
modeling. (a) Dispersion along (003) — (002) — (%OZ) direction.
(b) Two energy-momentum slices along the equivalent directions of
the Brillouin zone (10%) — (OO%) and (OO%) — (10%) clearly show
the absence of the mode crossing. (c) Orange and blue lines show
sketches of the structural and magnetic Brillouin zones; the green
and purple arrows show the paths for panels (a) and (b), respectively.

The magnetic field significantly reduces the intensity of
both magnetic peaks and slightly shifts them toward lower
energy [30]. However, even at 3 T, the CEF peak is sep-
arated by a considerable energy gap of &~5.5 meV. Thus,
the excited CEF states are not likely to be responsible for
the spin-reorientation transition, in agreement with the CEF
calculations presented in Ref. [11], which show that the mag-
netic field below 50 T causes only a minor splitting of the
Kramers doublets, as compared with the CEF gap.

The spectrum collected well above the field-induced tran-
sition at 6 T was measured using the CNCS instrument and is
shown in Fig. 7. The excitation’s intensity is much lower than
the one observed in 0 T in agreement with the LET results. In
Figs. 7(a) and 7(b) we plot essentially all the observed signal,
while at other parts of reciprocal space its intensity was below
our detection limit. It is clear that the spin gap eventually
reopens above the critical field shifting the spectrum toward
the higher energies.

Moreover, we were able to resolve clearly the spin waves
close to the crossing point. Panel (b) of Fig. 7 shows two
energy-momentum slices along equivalent directions of the
magnetic Brillouin zone (10%) — (00%) and (00%) — (10%),
where we found mode crossing in the zero-field data; see
Fig. 2(c). One can clearly see that at 6 T both modes shows
similar Q dependence and avoid the crossing in contrast to
our calculations of the in-field magnon dispersion.

Finally, we measured the spin gap at the I" point, Q =
(101), with a fine field step using the FLEXX instrument. The
measured curves are presented in Fig. 8. Again, the signal in-
tensity is suppressed with magnetic field and the peak position
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FIG. 8. INS spectra of CeAgSb, measured using FLEXX spec-
trometer at Gamma point Q = (101). Temperature was fixed to T =
1.7 K and magnetic fields are indicated in legends. Panels (a) and
(b) show the data collected below and above the critical field B,
respectively. Data in both panels are vertically shifted for clarity.

shifts toward lower energy. It fades below our resolution at 3 T
and reappears at 4.5 T. We fitted the position of the peak and
plotted it along with the values of the spin gap obtained from
CNCS and LET data in Fig. 9.

B. Modeling of field-induced spin dynamics

The field-induced spin-reorientation transition is known to
take a place in anisotropic ferromagnets, when the magnetic
field is applied perpendicular to the direction of the ordered
moment [31,32]. It originates from a competition between two
energy scales: magnetic anisotropy and Zeeman field and our

T T
1.00 11.6
3
3 o
<0.75 I 87 3
o o
E % g
=2 IS
©
(e)) 050 7 |Phase boundary: 58 4(]-'->
< g 5
(% A M(B)) =
s Fit, T, o< (B,2 - B)' 8
0.25 Spin gap, INS: 29 ®
LET |:
FLEXX
CNCS
j Fit, g=3.43
000 Calculations, g=3 00
0 4 6

Magnetic field (T)

FIG. 9. Spin gap at I" point calculated from the INS spectra (col-
ored dots) and temperature of spin-reorientation transition deduced
from thermodynamic measurements (gray dots) plotted as a function
of magnetic field. Red and blue lines show the spin gap calculated
with Egs. (3), (4), and (5) for g = 3 and g = 3.43. Black line is a fit
of the transition temperature with 7, « /B? — B2. The temperature
and energy axes are shown on the same scale £ = kgT .

spin Hamiltonian (1) also contains the key ingredients for such
a behavior.

A prototypical example is the orthorhombic insulating fer-
romagnet PbMnBO, [33]. In this material, application of a
magnetic field perpendicular to the easy a axis suppresses
continuously the spin gap down to zero at the critical field, B..
With field increasing above B, the gap eventually reopens and
evolves almost linearly at higher fields. The field dependence
of the spin gap for a tetragonal compound in the classical
regime can be described by simple equations [33]:

ho(B) = e, |1 — (5)2 B <B., 3)

fieo(B) = fag 2o /1 — (&), B> B., 4)
B. B

hwy = 21upgSB., Q)

where fiwy = 0.57(2) meV is the zero-field gap, which defines
uniquely the critical field via Eq. (5), and is controlled by
the anisotropy ratio JJ— The g, = 3 is known from the CEF

calculations for the T’y doublet, while the critical field was
extracted precisely from the thermodynamic measurements,
B.=287(5)T.

However we note that Eq. (5) with g, =3 and fiwy =
0.57(2) yields critical field B, = 3.28 T above the exper-
imentally determined value. Having in mind that the field
dependence of the gap and critical field were reliably deter-
mined from the experimental data we used Egs. (3), (4), and
(5) in order to fit the field dependence of the spin gap having
the g factor as a free parameter starting from a theoretically
predicted g, = 3, and the fitting yields a 15% increase of
an effective g, factor, g, = 3.43(8). The curves calculated
for both values of g are presented in Fig. 9. Some deviation
between the calculated and experimental curves was observed
at 3 T. This effect can be due to a small deviation of the
magnetic field from the nominal value during the experiment
along with the very large slope of dE /dB in the vicinity of the
critical field.

Finally, we discuss the origin of the disagreement between
the measured and calculated magnon dispersion curves at
B =6 T, which are presented in Fig. 7(b). At zero field,
two magnon modes have a crossing point, and our spin-wave
model correctly captures this behavior. However, the model
predicts that application of magnetic field does not change
the dispersion itself and in-field magnon dispersion can be
rewritten as w,(q, B) = A(B) + w,(q, B = 0), where the spin
gap, A(B), follows Egs. (3) and (4). However, the measured
INS spectrum shown in Fig. 7(b) shows two branches, which
do not cross at the predicted wave vector. We speculate that it
might have two different origins. First of all, magnetostriction
changes the interatomic distances, and consequently modifies
the exchange interactions. However, the measured values of
magnetostriction for B = 6 T applied along the ab plane are
only 4 x 107® to 4 x 107> depending on the direction [34].
Thus, one would not expect significant modifications of the
magnetic exchange parameters. On the other hand, the posi-
tion of the mode crossing in our model is given by a delicate
balance between out-of-plane couplings, and thus is sensi-
tive to small variations of different exchanges. The second
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explanation involves magnon-magnon interaction, which can
cause a well-known anticrossing behavior [35-37]. This can
also explain the absence of mode crossing in our data; how-
ever, detailed analysis of magnon-magnon interaction goes
beyond our simple linear spin-wave theory approximation and
requires additional theoretical investigations.

V. DISCUSSION

Recently, a generic mechanism, which explains why many
metallic Kondo ferromagnets order along directions not
favored by the crystal field anisotropy, was proposed in
Ref. [14]. CeAgSb; is well positioned to test the predictions
of this model. Specifically, based on bulk measurements, the
material orders along the hard axis at the temperature close to
a Kondo temperature, the magnetic susceptibilities measured
along the hard and easy directions cross slightly above Tc =
9.6 K, and the ordered moment is rotated by application of a
modest magnetic field from the hard axis to an easy plane, fol-
lowing simple predictions for classical magnets. Note that at
the critical field the magnon gap is closed, which also causes
significant enhancement of the low-temperature specific heat
due to magnetic degrees of freedom; see Fig. 1(d). The theory
argues that the low-energy particle-hole fluctuations can lead
to the hard-axis ordering in the metallic ferromagnets at low
temperatures due to the coupling to the electronic quantum
fluctuations. The theory argues further that the switch of
magnetic anisotropies on cooling and the eventual hard-axis
ordering at the lowest temperatures in ferromagnetic YbNisP;
is due to strong spin fluctuations transverse to the ordered
moment. Our inelastic neutron scattering data show mostly
the transverse fluctuations, which remain strong even at fields
above the moment reorientation transition, which seems to
rule out the fluctuation-driven mechanism for the hard-axis
ordering. We note that the Kondo coupling in CeAgSb; is
probably weaker than in YbNi4P, and the nature of the mag-
netic order is more conventional.

Our description of the low-energy magnetism of CeAgSb,
is largely focused on the anisotropic exchange interaction
between local pseudo-S = 1/2 moments of Ce ions within the
ground-state doublet. We used LSWT and were able to de-
scribe the zero-field magnon excitations quantitatively. These
calculation however confirm that the exchange is stronger
along the hard axis by a factor of 1.37, and in the absence of
competing phenomena such as magnetic frustration, stronger
exchange usually dictates the direction of magnetic ordering.
We further note that if one takes into account the full multi-
plet, J = 5/2, it is necessary to rescale the obtained exchange
parameters by corresponding g factors, and thus the exchange
anisotropy is increased to J,/J,, = 12.4, in quantitative agree-
ment with the value deduced in Ref. [12]. Our results clearly
indicate that long-range exchange interactions, well beyond
nearest neighbors, are essential. We further note that although
the set of exchange interactions deduced in the presented work
reproduces magnon dispersion at zero field and field-induced
behavior of the spin gap, it is not defined uniquely and can be
considered as a set of effective interactions. This is because (i)
we took into account all interactions up to 9th nearest neigh-
bor providing a minimal set of interaction, which describe our
data; however, the long-range nature of the RKKY interaction

implies that other exchange interactions can be also signifi-
J:

i

cant; (ii) the 7@ ratio can vary for each (i, j) pair, but we made
ij

N . . c T
a simplification by assuming V{i, j}5& = constant to reduce
ij

the number of free parameters.

According to our results, the ground state of CeAgSb, is a
simple, nonfrustrated quasi-two-dimensional FM with easy-
axis exchange anisotropy. However, the RKKY interaction
responsible for the magnetic ordering is rather sensitive to
details of the electronic structure as well as interatomic
distances, and thus considerable variations of anisotropic ex-
change interactions are expected in RETX, series (RE =
La, Ce, Pr, Nd, Sm; T = Cu, Ag, Au; X = Sb, Bi), which
can stabilize various magnetic ground states characterized by
different polarization and propagation directions [9], or even
to striped and multi-Q orders in CeAuSb, [38] and similar
compounds.

VI. CONCLUSION

Summarizing, we have performed a comprehensive ex-
perimental study of the spin dynamics in CeAgSb, using
inelastic neutron scattering. The low-temperature excitation
spectrum consists of gapped magnon bands at low energy,
which can be reasonably well described by a linear spin-wave
theory and a CEF excitation at ~5.6 meV, in agreement with
previous reports. Fitting of the magnon dispersion revealed
a quasi-two-dimensional hierarchy of exchange interactions,
with |/ > |J;|, which produce a nonfrustrated FM ground
state in CeAgSb,. Application of in-plane magnetic field
causes a spin-reorientation transition at 2.8 T, which is ac-
companied by a closing of the spin gap and increase of the
low-temperature specific heat. Above B, the gap eventually
reopens due to the Zeeman effect. The overall behavior of the
spin gap is well captured by theory predictions for a classical
anisotropic FM. We further found that two magnon modes do
not cross in the field-polarized state, in contrast to the predic-
tions of our model. We speculate that this behavior originates
from a field-induced modification of the exchange interactions
or magnon-magnon interactions, but further high-field INS
experiments and advanced theory calculations are required to
address this issue.
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APPENDIX A: EXPERIMENTAL DETAILS

Large single crystals of CeAgSb, were grown out of excess
Sb. High-purity elements were placed in alumina crucibles
with an atomic ratio of Ce 0.045 : Ag 0.091 : Sb 0.864 and
sealed in evacuated amorphous silica tubes. The ampules were
heated to 1180 °C and then cooled over 100 hours to 670 °C
after which the excess Sb was decanted with the help of a
centrifuge [39]. Single crystals with masses as large as ~2
grams were grown (see Ref. [9] for a representative picture).
The sample used in the INS experiment consisted of two
co-aligned single crystals with total mass m = 3.12 g. The
crystals were oriented using the ALF neutron Laue instrument
at the ISIS facility. No splitting of the reflections due to twin-
ning or additional reflections arising from secondary grains
was observed.

The INS experiments were performed at two time-of-
flight spectrometers: the Cold Neutron Chopper Spectrometer
(CNCS) [40,41], at the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory, and the LET spectrometer
[42] at the ISIS neutron and muon source. In the LET experi-
ment [43] we aligned the samples with the [010] axis pointed
vertically [(HOL) scattering plane] and applied magnetic
fields up to 3 T using a vertical cryomagnet. Taking advan-
tage of the multirepetition mode we collected the data with
three incident neutron energies E; = 14.9, 6.5, and 3.63 meV
with energy resolutions of AE = 540, 160, and 65 ueV re-
spectively. The CNCS measurements were performed in two
scattering geometries with the (HOL) and (HKO) planes of
the crystal lying in the equatorial plane of the instrument.
In both cases magnetic field was applied along the vertical
direction using an 8 T cryomagnet. The incident neutron en-
ergy was fixed to £; = 3.32 meV (AE = 90 eV at the elastic
line).

Magnetic field dependence of the gap at Q = (101) was
measured at the FLEXX three-axis spectrometer [44] at
Helmbholtz Zentrum Berlin. We have performed measure-
ments in the (HOL) scattering plane; a magnetic field was
applied along the b axis using the VM-4 vertical cryomagnet.
Measurements were carried out with fixed scattered momen-
tum kf = 1.3 A='. A cold beryllium filter was placed between
the sample and the analyzer to suppress higher-order contam-
ination of the neutron beam.

Magnetization and the specific heat were measured using
the MPMS-3 VSM magnetometer and physical property mea-
surement system (PPMS) correspondingly. When the ordered
moment of a ferromagnetic crystal is oriented perpendicular
to the magnetic field, a torque acting on the sample attempts
to rotate the moment in the direction of the field, which could
lead to a misorientation of the sample in the PPMS. We note
that the critical field obtained from the specific heat measure-
ments is very close to the one deduced from magnetization
measurements in which the sample’s orientation was fixed by
mounting the sample on a quartz rod. We conclude that a ro-
tation of the sample in specific heat experiments was minimal
at fields below 3 T; at higher fields the ordered moment was
parallel to the field.

Reduction of the TOF data was done using the Mantid [45]
and Horace [46] software packages. The calculations of spin
dynamics were performed using the SpinW package [25].

APPENDIX B: FIELD-INDUCED SUPPRESSION
OF THE SPECTRAL INTENSITY

Now we would like to discuss the field-induced suppres-
sion of the spectral intensity. To understand the reason for the
reduction of the spectral intensity we rewrite the INS cross
section Eq. (2) in the following form:

d’o qaqp
o Y gugp( b — LI )5,
dEdQ a,ﬁg gﬂ( BT

where o, B = x, y, zand S is the dynamical structure factor.
For the collinear ferromagnet ordered along the z axis, we can
reduce Eq. (B1) to
d*c q>
o4 S ST+ = ). B2
e @st g (1+%). @

We consider two cases: (i) at ambient magnetic field, the Ce
moments in CeAgSb, are ordered along the ¢ axis; (ii) when
field applied along the a axis and above the B, the moments
are also aligned along [100]. Thus, we can rewrite Eq. (B2)
for these cases, taking into account that g, ~ 3, g, = 1 for the
I'¢ doublet and $™ = $7:

B

2 qz
185 ( 1+ =% B3
dEde ( + 42)’ B3)
d’c q
9IS+ 591+ 5 ). B4
JEag X O )( + q2> (B4)

Assuming that the $** ~ §%, the g-factor anisotropy alone
accounts for ~55% reduction of the spectral intensity, when
the spins are reoriented toward the a axis. Moreover, when
the spectra are collected in the (HOL) scattering plane at zero
field, the polarization factor increases the scattered intensity
even more for q || ¢g., while when the moments are polarized
by a magnetic field, perpendicular to the scattering plane,
the polarization factor is 1 for all the in-plane directions.
This simple analysis qualitatively describes the origin of the
decrease of the spectral intensity.

APPENDIX C: SIGNAL BROADENING DUE
TO FINITE Q INTEGRATION

Figures 2 and 5 show magnon excitations, which have large
width when they are plotted against the L direction of the
reciprocal space. Here we performed simple quantitative anal-
ysis to present that this broadening is caused by Q resolution
and a finite integration width, when cutting the data from a
four-dimensional S(Q, %w) data set for the spaghetti plots.

Figure 10 shows the INS spectra at the I" point Q = (101)
obtained by integration of the zero-field CNCS data set close
to the I" point Q = (101) within several different Q volumes
as indicated in the legend. The bright blue dots show the signal
obtained by integration within the smallest Q volume and
one can see that the data are rather noisy and show a peak
at E ~ 0.6 meV. Increase of the integration range apparently
enhances the statistics, but also broadens significantly the
peak and shifts it toward higher energies, because we integrate
in the high-energy magnons away from the I" point. To check
whether these effects can be captured by our model we cal-
culated the energy cuts taking into account the experimental
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FIG. 10. INS spectra of CeAgSb, measured using CNCS spec-
trometer at 7 = 1.7 K and B =0 T obtained by integration of
the signal around I" (101) point, H =1+ AQ,K = 0+ AQ,L =
1 & AQ with different AQ as indicated in the legend. Green lines
show model calculations using SpinW software (on top of an empir-
ical linear background), which take into account Q integration and
energy-dependent experimental resolution of CNCS instrument. The
data are shifted vertically for clarity.

w-dependent energy resolution of CNCS as

Ly

npngng

So=qon(iw) = Zs[h, k, 1, hol,

hkl=—AQ....AQ

where h, k, [ are reciprocal lattice coordinates, binned on a
n, = ng = n; = 30-point 3D grid between minimal and max-
imal values £AQ. All calculated curves are multiplied by
a constant prefactor to fit the experimental intensity scale
plus an empirical linear background shown by green lines
in Fig. 10. It is clear that three curves calculated for AQ >
0.075 r.l.u. very well reproduce both shape and intensity of
the measured excitations. On the other hand, the data for
AQ = 0.05 r.l.u. are somewhat broader and less intense than
the calculated spectrum. This is likely due to finite intrinsic
Q resolution of the spectrometer, which is of the order of
0.04 A-! [0.03 r.1.u. along (100)], as estimated from the width
of the elastic peaks. These numbers are comparable with the
integration width; however we did not account for this broad-
ening in the calculations, because the resolution function of
the spectrometer is rather anisotropic and strongly depends
on geometry of the sample, spectrometer settings, and other
minor experimental details. Thus, we conclude that the large
width of the signal in some paths of Figs. 2 and 5 is the
result of large integration width, which was required to obtain
reasonable signal-to-noise ratio.

0
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FIG. 11. INS spectra calculated by RPA and INS. The color plots
were obtained using SpinW software for the S = 1/2 model and are
similar to Figs. 2(b) and 2(d). Solid lines show low-energy magnon
dispersion calculated for Hamiltonian (D1) using RPA with McPhase
software.

APPENDIX D: COMPARISON OF S = 1/2 MODEL
AND FULL SPIN HAMILTONIAN

In the main text we used an S = 1/2 model in order to
describe low-energy spin dynamics in CeAgSb, and neglected
the excited states. In order to further validate use of the S =
1/2 model we performed numerical simulation of INS spectra
of the full spin Hamiltonian:

H= Z B'O7"(J;) + ZjijJiJj»

(i,l,m) (i,))

(D)

where B}" and O} are Stevens coefficients and operators, J is
the angular momentum operator (J = 5/2 for Ce** ion), and
J; ; are the exchange matrix, which couples different pairs of
Ce ions.

We used the McPhase software [47,48] in order to simulate
the INS spectrum of CeAgSb, by means of the random phase
approximation (RPA). In our simulations we used the set of
B]" parameters deduced in [12] and exchange interactions
from Table I. It is worth noting that our parameters are given
for the S = 1/2 model and in order to scale them to J = 5/2
we have to multiply J;, components by 1/ giy.

The low-energy zero-field spectra were calculated using
LSWT and RPA for Hamiltonians (1) and (D1), respectively,
and are shown in Fig. 11. Both calculations show very similar
dispersion and magnon bandwidth. However, the dispersion
curves calculated by RPA were shifted by 0.15 meV toward
higher energy compared to our LSWT results. Therefore for
the presented RPA calculations we refined a new J./Jy, =
1.28, instead of 1.37 obtained by LSWT, to obtain a better
agreement.

As a result of this analysis we conclude that both
approaches provide almost identical description of the low-
energy spin dynamics with the same set of exchange constants
justifying use of § = 1/2 Hamiltonian in the main text. We
further speculate that the minor quantitative disagreement of
J./Jyy values obtained by LSWT and RPA can be either (i) a
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consequence of difference between the calculation methods,
which are known to provide different results in some cases,

or (ii) weak influence of the CEF, which was neglected in
LSWT.
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