Coupling of magnetism and Dirac fermions in YbMnSb,
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We report inelastic neutron scattering measurements of magnetic excitations in YbMnSbz, a low-carrier-
density Dirac semimetal in which the antiferromagnetic Mn layers are interleaved with Sb layers that host Dirac
fermions. We observe a measurable broadening of spin waves, which is consistent with substantial spin-fermion
coupling. The spin wave damping, «y, in YbMnSbs, is roughly twice larger compared to that in a sister material,
YbMnBi2, where an indication of a small damping consistent with theoretical analysis of the spin-fermion
coupling was reported. The inter-plane interaction between the Mn layers in YbMnSbs, is also much stronger,
suggesting that the interaction mechanism is rooted in the same spin-fermion coupling. Our results establish the
systematics of spin-fermion interactions in layered magnetic Dirac materials.

Introduction. Dirac semimetals remain at the forefront of
research on topological materials because of the fascinating
quantum electronic phenomena they exhibit and of their po-
tential technological applications [[IH6]]. In these materials,
the characteristic linear electronic dispersion leads to novel
behaviors such as spin-polarized transport [3]], suppression of
back-scattering due to spin-momentum locking [[7H9], the chi-
ral anomaly [10H12]], impurity-induced resonant states, and
the anomalous quantum Hall effect [4H6} 13} [14].

Among different types of Dirac semimetals, the family of
112 ternary pnictogens with the general formula A/ RMnXo
(A = Ca, Sr; R = Yb, Eu; X = Bi, Sb) have attracted par-
ticular attention due to the combination of highly anisotropic
Dirac dispersion in quasi-2D square nets of X atoms and
strongly correlated magnetism of Mn [5, [I5H24]. These ma-
terials feature a common layered structure in which the X
layers hosting itinerant Dirac charge carriers are separated
by strongly-correlated insulating Mn-X layers. Both the
inter-layer charge transport and the magnetic correlations be-
tween the Mn layers require that Dirac carriers are coupled to
strongly-correlated Mn electrons. Therefore, these materials
have become a fertile playground for investigating the inter-
action of the conduction Dirac electrons with the local-spin
magnetic Mn-X sublattice, i.e. spin-Dirac fermion coupling
[SLISL70 1250 26].

Previous inelastic neutron scattering (INS) measurements
on (Sr, Ca)MnBis reported no indication of such coupling be-
cause anomalous broadening of magnetic excitations found in
itinerant magnets was not observed [26, 27]. Yet, the out-
of-plane antiferromagnetism in SrMnBi, and ferromagnetism
in CaMnBis [26] clearly indicate the presence of inter-layer
interaction between magnetic Mn?* ions, which inevitably
involves Dirac electrons in the interweaving Bi square nets.
A detailed analysis of high-resolution INS measurements of
magnetic excitations in YbMnBi, led us to discover a sig-
nature of spin-Dirac fermion coupling in this material [28].

We found a small but distinct broadening of spin wave dis-
persion, both for the in-plane and the out-of-plane directions.
For T' < Ty, the broadening is weakly dependent on tempera-
ture and is nearly Q-independent. With magnon-magnon and
magnon-phonon scattering suppressed, at T’ < Tn,0p (O p
is Debye temperature) the decay of magnons into electron-
hole excitations is the leading mechanism for the observed
spin-wave damping. This effect can be very large in itinerant
magnets, but for Dirac electrons it is greatly suppressed due to
their small density of states. By comparing the observed spin
wave damping with theoretical model of Dirac fermions cou-
pled to spin waves, we found a very substantial spin-fermion
coupling parameter, g ~ 1.0 eV3/2 A (cf Eq. 3 in [28]).

In order to establish the systematics of spin-fermion cou-
pling in the 112 family of Dirac semimetals and further eluci-
date its properties, we carried out INS measurements on a sis-
ter material, YbMnSb,, where heavier Bi is substituted with
the lighter Sb, thus reducing the spin-orbit coupling (SOC)
and potentially softening Dirac dispersion. YbMnSbs, crystal-
izes in the same P4/nmm space group as YbMnBi, (Yb?*
is non-magnetic), but weaker SOC is more favorable for
stronger coupling of the massless Dirac fermions to magnons
[21} 29, [30]. Angle-resolved photoemission, Shubnikov-de-
Haas oscillations [23], and optical spectroscopy [31]], com-
bined with the electronic band structure calculations, indi-
cate a nearly nodal-line anisotropic Dirac dispersion near the
Fermi level, similar to that in YbMnBi, (see Fig. 4 in [28])).
From the analysis of well-defined magnetic excitations ob-
served in our experiments, we extract a damping parame-
ter consistent with appreciable broadening of spin waves and
substantial spin-fermion coupling. The spin wave damping
and the inter-layer interaction in YbMnSbs are significantly
stronger than those in YbMnBiy. We note that for our mea-
surements at low temperature of =~ 5.5 K, damping induced
by spin-phonon coupling is greatly suppressed and thus our
observations corroborate the idea that it originates from cou-
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FIG. 1. Spin waves in YbMnSb; in the antiferromagnetic state
at T = 5.5(5) K. Inelastic neutron scattering spectra measured with
incident energies E; = 50 (a) and 100 (b) meV showing the dis-
persion along [H, 0, 0] direction. Data bin sizes in H and K are
+0.025. The data in (a) have bin size £0.06 in L and were aver-
aged over L = integers with L € [—5, 5]; in (b) were averaged over
the continuous interval L € [—6,6]; the L-integrated data differs
from narrow slices in panel (a) and Fig. 2]in that it allows to better
visualize the high energy spin waves, which are weakly sensitive to
dispersion along L. The value of A is given in Table[l} For fitting,
only the data measured with E; = 100 meV are used, as shown in
Fig[2] The Gaussian elastic incoherent spectrum obtained by fitting
the Q-averaged elastic intensity was subtracted.

pling to Dirac fermions.

Experimental Details. Single crystals of YbMnSby were
grown from Sb flux using the method described in [24].
YbMnSb, orders antiferromagnetically below Tx ~ 345 K,
with an ordered moment of 3.48up at 2 K [30]. INS mea-
surements were performed at the SEQUOIA spectrometer at
the Spallation Neutron Source, Oak Ridge National Labora-
tory. Three single crystals with a total mass of ~ 1.8 g
were co-aligned in the (H, 0, L) horizontal scattering plane.
The measurements were carried out with incident energies
E; = 50, 100, and 150 meV at T = 5.5(5) K by rotat-
ing the sample about the vertical axis in 1deg steps over a
270 deg range. Throughout the paper, we index the momen-
tum transfer, Q = (H, K, L) in reciprocal lattice units (r.1.u)
of the P4/nmm lattice, a = b = 4.31(2) A, ¢ = 10.85(1) A
[230 124} 131]. The data reduction and histogramming to rectan-
gular grid were performed using the MANTID package [32]
and the MDNorm algorithm [33] (see supplementary informa-
tion for details [34]).

Results and Analysis. Figure [T] (a),(b) present inelastic neu-
tron scattering spectra for YbMnSb, in the antiferromag-
netic (AFM) phase at T = 5.5(5) K, which reveal the
spin wave dispersion along the [H, 0, 0] symmetry direction.
The well-defined spin waves are consistent with the local-
moment description and emerge above the AFM wave vector
Qary = (£1,0,0), as expected for a Néel-type magnetic
order in YbMnSby [30]. Figure |Ika) shows high-resolution
data, which clearly demonstrate the presence of a spin-gap,
A =~ 7 meV, resulting from the uniaxial anisotropy. It
also suggests that the spin wave spectrum is slightly blurred
along the energy axis, indicating the presence of damping.

The spin-wave dispersion bandwidth along (H,0,0), W =
EQ: (1.5,0,0) 2 70 meV, is significantly larger than the values
measured in YbMnBi,, CaMnBis,, and StMnBis [27, 28]], in-
dicating stronger in-plane exchange coupling, J. In spin wave
theory, W ~ J and A ~ V'DJ, where D is the uniaxial
anisotropy constant. Despite larger J, the anisotropy gap in
YbMnSb,, is smaller compared to A ~ 9 meV in YbMnBiy
[28]], which is consistent with the weaker SOC of the lighter
Sb atoms and hence smaller anisotropy, D.

In order to quantify the interactions and elucidate the pres-
ence of damping, we perform quantitative analysis of the mea-
sured intensity using an effective spin Hamiltonian, H =
¥i;JiSi - S5 + DY;(S?)?, where Ji; includes the interac-
tion between the nearest and next-nearest neighbors in the
ab plane (J; and J>) and nearest neighbors along the ¢ axis
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FIG. 2. Measured and fitted spin wave spectra of YbMnSb,.
The INS spectra measured with E; = 100 meV at T = 5.5(5)
K along three symmetry directions, [H, 0,0] (a), [H, H, 0] (c), and
[1,0, L] (e). Data bin sizes in (a) are £0.025, £0.025, £0.06 in H,
K, L, respectively, in (c) are +£0.0175, +0.035, +£0.1 in (H, H, 0),
(=H, H,0), L, respectively, and in (e) are £0.025, £0.025,+0.05
in H, K, L, respectively. The spectra in (a) and (c) were averaged
for integer L in the range |L| < 5. (b), (d), and (f) are the INS spec-
tra calculated using Egs. corrected for the instrument resolution
and with the fitted parameters listed in Table |I|(see [34] for details).



(J.). As above, D quantifies the uniaxial anisotropy for the
Mn?* spins corresponding to an easy axis along the ¢ direc-
tion (D < 0). In order to account for the spin-wave damping,
i.e. the finite spin wave lifetime, we use a damped-harmonic-
oscillator (DHO) representation of the dynamical spin corre-
lation function, S(Q, E) [28]],

1 2(Aq - Bg)
71— e E/kaT
vE (1

[E? - Egr + (vE)?

S(q+ Qapn;s E) = Serr

x A

Here, ~ is the damping parameter (Lorentzian FWHM for un-
derdamped DHO), kg is the Boltzmann constant, Seg is the
effective fluctuating spin, and prefactor A ensures that the
DHO spectral function is normalized to 1 (for (7,v) — 0,
A — 1) [34]. AtT = 55(5) K < Ty, spin wave the-
ory gives Ag = 2S[2J; — 2J5[sin’(wH) + sin®(7K)] —
2J.sin*(rL) — D], Bq = 4SJ; cos(rH)cos(rK), and

g = Ag — Bg- The lowest energy for the [H, [, 0] direc-
tion, Ejg.5,0.5,0) = 25(2J1 —4.J2 +|D|), is the exchange gap,
while that along [H, 0, 0], £y 9,0) = 25/ (4J1 + |D])| D], is
the anisotropy gap.

We fit the data using Eq. (T) convoluted with the instrumen-
tal resolution function including the finite (Q, E) bin size ef-
fects [28]]. Account for the wave vector resolution is important
because the energy line width at each @ is determined by the
convolution, which causes the local averaging over the disper-
sion [34]. We performed global fits of the 2D energy and wave
vector slices shown in Fig. [2|(a),(c),(e) using a single damping
parameter, -y, as well as individual fits of constant-@ cuts with
individual v(Q). The INS intensities calculated using the fit-
ted values and the resolution corrected Eq. (I)) are shown in
Fig. 2[b),(d),(f). The fit results are summarized in Fig.[3]

The major result of our analysis is the substantial spin
wave damping parameter, 7 ~ 7.0 meV, which in YbMnSbo
is nearly twice larger than that in YbMnBiy [28]]. As in
YbMnBis, the damping is roughly Q-independent. Figure 3]
shows that the v values obtained by fitting the individual 1D
constant-@ cuts (symbols) fall within about twice the instru-
mental energy resolution, E,..,, of the 2D global-fitted  value
(horizontal dashed line), which closely agrees with the aver-
age of v(Q). Note, that the absence of y(Q) minima near the
gap positions, [1, 0, 0] in Fig. [3(b) and [1, 0, 1] in Fig. 3[d),
where the dispersion is flat and Q-resolution effects are least
important, validates our account for the resolution and corrob-
orates that the observed spin wave broadening is intrinsic. In
order to further confirm this, we verified that assuming v ~ 0
leads to noticeably inferior quality fits (see Fig. S3 in [34])).
Discussions and Conclusions. Understanding the coupling
between highly localized magnetic moments of strongly cor-
related Mn electrons and the Dirac electrons originating in
pnictogen (Bi, Sb) layers of A/RMnX5 materials presents an
important but challenging problem. The layered structure of
these systems, where magnetic layers are sandwiched between
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FIG. 3. Spin wave dispersion and damping parameter in

YbMnSb at 5.5(5) K. The white dotted lines on top of the INS
intensity in (a),(c) illustrate the dispersion obtained using the param-
eters in Table[|without damping. The underdamped spin waves exist
where Eq > /2 (magenta symbols). The symbols show damping
obtained by fitting the 1D constant-Q cuts along [H, 0, 0], (a),(b),
and [1, 0, L], (c),(d), directions with the resolution corrected Eq. (I).
The magenta dashed lines represent the + value from Table[[Jobtained
from the global 2D fit. Error bars show one standard deviation.

TABLE I. Exchange coupling, uniaxial anisotropy, and damping pa-
rameters for YbMnSb, obtained from fitting two-dimensional data
shown in Fig.[2]and those in YbMnBi, from Ref. 28]

YbMnBi» 28] YbMnSbs
SJ; (meV) 25.9 £ 0.2 28.1+0.1
S.Jo (meV) 10.1+0.2 10.7 £0.1
S.J. (meV) —0.130 + 0.002 —0.597 + 0.023
SD (meV) —0.20 & 0.01 —0.13 £ 0.01
A (meV) 9.14+0.2 7.74+0.4
~ (meV) 3.6+0.2 6.9+0.4

the layers with the itinerant Dirac electrons, suggests that
inter-layer magnetic interactions must involve Dirac fermions.
This is further corroborated by observations of a subtle resis-
tivity anomaly at T in AMnBiy (A = Ca, Sr) [26], indi-
cating a coupling between the Dirac bands and the magnetic
ground state. Other studies [[L6} |35], however, do not report
the anomaly. Similarly, no evidence that the magnetic dynam-
ics are influenced by the Dirac/Weyl fermions was obtained
from the spin wave analyses of the INS measurement of mag-
netic excitations which did not consider spin wave damping
(27, 136L 37].

The reason for the difficulty of experimentally observing
the manifestations of spin-fermion coupling with Dirac elec-
trons is that the linear Dirac dispersion has a low density of
states and therefore their effect on spin wave excitations is



weak. Nevertheless, a thorough analysis of spin wave spec-
tra measured by INS in YbMnBi,, similar to the one pre-
sented here, did find a non-negligible spin wave damping,
v =~ 3.6 meV (Table E]) [28]. A comparison with the theoreti-
cal model showed that albeit small, this damping is a signature
of a very substantial spin-fermion coupling.

The results of our analysis presented in Table [[] show that
the damping parameter in YbMnSbs is about twice larger than
that in YbMnBi,, while the inter-layer interaction is roughly
four times larger in magnitude and the intra-layer interaction
J1 is ~ 10% larger. In addition to establishing experimental
systematics, these quantitative relationships suggest that Dirac
charge carriers may in fact participate in mediating all mag-
netic interactions between Mn moments, both intra- and inter-
plane. In this scenario, it might be instructive to infer func-
tional relationships between J 2, J., and vy, such as J,. o< 'yz,
which comply with the experimental observations and provide
experimental guidance for future theories.

In summary, our INS measurements of magnetic excitations
in single crystals of Dirac semimetal YbMnSb, reveal consid-
erable broadening of the antiferromagnetic spin waves at low
temperature, T' ~ 5.5 K< T, which is consistent with sub-
stantial spin-fermion coupling in this material. By fitting the
measured spin wave spectra to Heisenberg model with easy-
axis anisotropy and with finite spin wave lifetime (damping),
we extracted the damping parameter, v = 6.9(4) meV, and
inter- and intra-layer exchange interactions. Comparison of
the obtained model parameters with those in YbMnBi; and
other 112 Dirac materials allows establishing systematic phe-
nomenology of spin-fermion coupling in these systems and
suggests that Dirac electrons are involved in the inter-layer
spin coupling and might also participate in all magnetic inter-
actions between Mn?* ions. While developing theoretical de-
scription of such an RKKY-type coupling via Dirac electrons
presents a challenge for the future, our results provide experi-
mental guidance for such theories and an input for predictive
theory of the magnetotransport phenomena in this regime.
Note added. While this work was being finalized for publica-
tion, a related INS study [38] of YbMnSb, using triple axis
spectroscopy (TAS) appeared. While constraints of instru-
mental resolution (AEprw v =~ 8 meV) inherent to TAS in
the energy range relevant for this study did not allow those au-
thors to explore spin wave damping and resulted in moderately
different Hamiltonian parameters (refined by fitting triple axis
measurements to the same model as we use here but with-
out damping), the general trends and conclusions reported in
[38]] support our results. In particular, they support the conclu-
sion that spin-fermion coupling in YbMnSb,, is stronger and
more important compared to other 112 systems. It is also note-
worthy that half-polarized neutron diffraction reported in [38]
confirms the localized, ionic nature of Mn magnetic moments,
giving direct experimental support to models of spin-fermion
coupling such as proposed in our earlier work [28].
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