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Site-dependent local spin susceptibility is investigated with 'Te nuclear magnetic resonance in a Weyl semimetal
WTe,. The nuclear spin-lattice relaxation rate 1/7,7T shows a dependence of the square of temperature 7" at high tem-
peratures, followed by a constant behavior below 50 K. The temperature dependence features Weyl fermions appearing
around the linearly crossing bands. The Knight shift K scales to the square root of 1/7;T, corroborating a predominant
spin contribution in low-lying excitation. The observed dependence of K and 1/7,T on the four Te sites shows the
site-dependent electron correlation and density of states. The angular profile of the NMR spectrum gives the anisotropic
hyperfine coupling tensor, consistent with 5p hole occupations on Te sites.

1. Introduction

Weyl semimetals with broken inversion symmetry display
a singular electromagnetic response such as chiral anomaly
and nonlinear Hall effect,'™ originating from the Berry cur-
vature in the linearly crossing energy bands. The topologi-
cal phenomena suggest the presence of magnetic monopoles
around the Weyl points,>” which appear on the surface of
the semimetals. In contrast to the surface electronic state, the
low-lying excitation of the underlying bulk state is less un-
derstood owing to the lack of comprehensive magnetic mea-
surement. Nuclear magnetic resonance (NMR) spectroscopy
can be a local probe of emergent gauge fields from magnetic
monopoles in Weyl semimetals.®® It also extracts the local
spin/orbital susceptibility and excitation of Weyl fermions in
a site-selective manner, as extensively studied in a molecular
material a-(ET),13'? and 54 transition metal compounds such
as TaAs and ZrTes.!!~!> The low-lying excitation measured
with the nuclear spin-lattice relaxation rate 1/7 sensitively
depends on the energy dispersion curvature and the location
of the Fermi level around the Weyl points.3-%-16)

One of the most studied materials is the quasi-two-
dimensional transition-metal dichalcogenide WTe,;, which
exhibits versatile topological phenomena such as the quantum
spin-Hall effect,'”?” chiral anomaly,”” and nonlinear Hall
effect.” The material also displays extremely large magne-
toresistance,?? ferroelectricity,”® and superconductivity.?*2>
T4-WTe; is classified into a type-II Weyl semimetal with tilted
Weyl corns owing to lattice distortion.”> The charge com-
pensation of electron and hole Fermi pockets under mag-
netic field?®27 causes the nonsaturating magnetoresistance in
a clean sample,?>?”) where spin-orbit coupling?® and Lifshitz
transition?®3? also play a crucial role in the charge compen-
sation.

The crystal structure of WTe, (orthorhombic space group
Pmn2y) is composed of the W, Te4 layers stacked along the
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Fig. 1.

(Color online) Crystal structure of 77-WTe, composed of two tung-
sten (W1, W2) and four tellurium (Tel, Te2, Te3, Te4) sites in the nonsym-
morphic Pmn2; lattice. The W, Te4 layer in the ab plane (a) is stacked along
the ¢ axis. Two equivalent atomic sites in the unit cell are related by the glide
symmetry in the bc plane (b) but become inequivalent as the magnetic field
is tilted from the mirror plane along the ab and ca planes.

c axis, as shown in Fig. 1.3 There are crystallographically
inequivalent two tungsten (W1, W2) and four tellurium sites
(Tel, Te2, Te3, Ted), and two each are included in the unit
cell. Each Te site has the same site symmetry and three co-
ordinations to W atoms. Owing to the large distortion along
the a axis, there is direct W—W bonding along the a axis, and
the W-Te bond length of the Te2/Te3 sites (~ 2.7A) is shorter
than that of the Tel/Te4 sites (~ 2.8A). The difference is ex-
pected to give a different partial density of states and orbital
occupation, which are observed as the local spin susceptibil-
ity and the anisotropic hyperfine coupling, respectively. In the
band structure, the Weyl points are located near the I' point
of the Brillouin zone.’” Both W 5d and Te 5p bands signif-
icantly contributes to the Fermi level. Therefore, !> Te NMR
spectroscopy can be used as a local probe of the electronic
state of the Weyl semimetal.

In this paper, we conduct site-selective '>>Te NMR mea-
surements in WTe, single crystals. The local susceptibility
observed by the Knight shift gives the site-dependent density
of states contributing to the Weyl points. The result compen-
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sates the k-space surface information probed by optical®*>>
and photoemission spectroscopy.®7-2%-2%:36) On the basis of
crystal structure data, the NMR spectra are assigned to four
Te sites with the distinct local spin susceptibility. We evalu-
ate the site-dependent Te 5p orbital electron/hole occupation
from the Knight shift tensor.

2. Experimental Method

Single crystals of WTe, were prepared by two methods:
chemical vapor transport and Te-flux methods. The latter is
expected to give higher quality stoichiometric crystals.’®37) In
the chemical transport method, we start from powdered tung-
sten and tellurium kept at 700°C in a vacuum quartz tube for
two days and then at 750°C for another two days after grind-
ing.?? Crystals were grown in a three-zone furnace with a
transport agent Br, and a temperature gradient of 750-650°C
for one week. In the self-flux method, WTe, and tellurium
powder were also heated to 700°C for 2 days and 750°C for
another 2 days. After maintaining at 900°C for 10 h, the tem-
perature decreased to 460°C for 100 h. The Te flux was sepa-
rated by centrifugation and then evaporated in a three-zone
furnace with a temperature gradient of 465-280-250°C for
two days.

The crystals (named #S1 and #S2) obtained by the trans-
port and flux methods have dimensions of 5 mm x 0.3 mm
x 0.05 mm and 5 mm X 1 mm X 0.2 mm, respectively. For
NMR measurements of #S1, several thin plate crystals were
aligned and stacked. Magnetic susceptibility was measured
with a magnetometer (MPMS-XS, Quantum Design Ltd.) at
7 T along the crystal axes. We obtained '>>Te NMR spectra by
Fourier transformation of spin-echo signals after the rf pulses
Ixjp — T — t; — T (duration #,/» = 1 us and the interval time
7 = 20 — 30 us) under constant magnetic fields H = 7.389
and 9.0891 T. '>Te Knight shift K was defined by the rel-
ative frequency shift K = (v — vy)/vo using the bare reso-
nance frequency vy = y,H for the nuclear gyromagnetic ratio
Yo = 13.454 T/MHz.3®

3. Experimental Results

The angular dependence of '>Te NMR spectra at 200 K for
a single crystal of the sample #S2 is shown in Fig. 2 for a sam-
ple rotated along the orthogonal crystal axes. Four resonance
lines observed at b and ¢ axes consist of two doublets exhibit-
ing distinct anisotropy for the ab- and ca-plane rotations. One
doublet shows a large negative shift with a minimum at the a
axis. Another shows a weak dependence on the field direction
with a maximum at the a axis. As the magnetic field is ro-
tated in the bc planes, each spectrum splits into two because
two Te sites related by glide symmetry in the unit cell become
inequivalent against the magnetic field [See Fig. 2(c)].

We refer to the crystal structure for the spectrum assign-
ment. Namely, four Te sites are classified into two groups in
terms of the W-Te bond length (Tel/Te4 and Te2/Te3) and
possess the identical site symmetry (la) and the same coor-
dination number (three) to W ions. The stronger hybridiza-
tion to W bands is expected for Te2/Te3 with shorter W—Te

Kaa Kpe Kpp Kee Kxx Kyy Kzz
Tel -0.018 0.036 -0.047 -0.042 -0.008 -0.018 -0.081
Te4 -0.018 0.036 -0.064 -0.068 -0.030 -0.018 -0.103
Te2 -0.258 0.039 0.042 0.004 0.042 0.004 -0.258
Te3  -0.251 0.045 0.055 0.022 0.086 -0.009  -0.251

Table I. Components of '2Te Knight shift tensors K (%) for four Te sites
in Eq. (1), obtained from the angular dependence measurement at 200 K in
Fig. 2. The principal axes (X, Y, Z) for the diagonalized Knight shift tensor
correspond to the directions where K shows a maximum (X) and a minimum
).

bonds than those for Tel/Te4, resulting in a larger spin density
proportional to the amplitude of the Knight shift anisotropy.
Thus, we assigned the NMR spectrum into four Te sites, as
shown in the symbols of Fig. 2(d).

The angular dependence of the '>Te Knight shift K ob-
tained from a relative frequency shift of each NMR spectrum
is shown in Figs. 2(d)-2(f). The anisotropy is governed by
the dipolar hyperfine interaction with the Te 5p spins, while
the isotropic part comes from the Fermi contact interaction
and the diamagnetic constant terms. The site dependence of
K reflects the local spin susceptibility and the 5p orbital oc-
cupation at the Te sites with the different densities of states.
The angular dependence of K is analyzed with a sinusoidal
function”

K = k;c0s20 + k,sin26 + ks €))]

for each rotation along the crystal axis with the fitting param-
eters (ki, ka, k3), as shown in Figs. 2(d)-2(f). For the bc-plane
rotation, for example, the fitting gives the components of the
Knight shift tensor K using the relations, k; = (Kpp + Kc0)/2,
ky = (Kpp — Kee)/2, and k3 = Ky = K.

From the mirror reflection symmetry along the ab and ca
planes, the a axis must be one of the principal axes of K, where
the off-diagonal components K,, and K,. vanish. Thus, we
can express K as

K 0 0
K=]0 Ky  Kpel. 2)
O ch ch

After the diagonalization of the tensor, we obtained the princi-
pal components of the Knight tensor (Kxx, Kyy, Kzz) for four
Te sites, as listed in Table I. The anisotropy reflects the Te 5p
orbital occupation dominating the local spin/orbital suscepti-
bility, as discussed below.

Figure 3 shows the temperature dependence of K along the
b and ¢ axes. Upon cooling, K linearly decreases to 50 — 100
K and becomes nearly constant at low temperatures, scaling
to the bulk magnetic susceptibility y above 100 K. The behav-
ior is characteristic of Dirac/Weyl semimetals having a linear
band dispersion.!!:!%1% The crossover temperature from the
linear to constant behavior reflects the energy scale of chem-
ical potential crossing the Weyl corn. At low temperatures,
the system becomes a weakly correlated metal with a finite
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Fig. 2. (Color online) '2Te NMR spectrum and Knight shift K for a single crystal of WTe, (#S2) at 200 K. The spectrum was measured with 9°-step
rotation of the crystal along (a,d) ¢, (b,e) b, and (c,f) a axes using a two-axis rotator. The absence of data around the a axis is due to the alignment of the
magnetic field parallel to the rf field. The curves are fitting results using Eq. (1).
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Fig. 3. (Color online) Temperature dependence of 123 Te Knight shift K for four Te sites under the magnetic field along the b axis (a) and the ¢ axis (b) in the
single crystal of WTe; (#S2) at 9.083 T. The bulk magnetic susceptibility (a solid curve) in the right-hand axis in (a) was measured at 7.0 T, where the core

diamagnetic susceptibility was subtracted.

density of states.

The temperature dependence of K or the spin susceptibil-
ity xs has been calculated theoretically for three-dimensional
(3D) Weyl semimetals.® For the density of states linear to
energy, p(E) « E, in Dirac/Weyl semimetals, y decreases
linearly with kg7, which is distinct from the 7T-invariant be-
havior in normal metals. K also includes the component of

the orbital susceptibility yom, Which is sensitive to the chem-
ical potential. In comparison with the calculation, the down-
ward Knight shift suggests a negative chemical potential for
the Te-dominant band,® consistent with the hole-like carrier
expected from the band calculation in WTe,.??

As for the site dependence, one of the Te sites in the dou-
blet pair (Te2 and Te4) displays a stronger thermal variation
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of K. As a result, the doublet splitting increases upon cooling
and reaches ~ 0.03% for H||b and c. Here the Te2/Te4 sites
are bonded to two W1 among three W-Te bondings, while
Tel/Te3 are connected to two W2. The coordination differ-
ence can lead to the site-dependent curvature of the Te bands,
leading to a thermal change in local spin susceptibility. The
result should be confirmed by the band structure calculation
taking into account the atomic sites. We obtained the net hy-
perfine coupling constants Hys (= 22-26 T/ug) for Te sites as
the linearity coefficient of the K—y plot, which are comparable
to that of ZrTes (~ 15 T/ug)*” and highlight the predominant
onsite hyperfine interaction.

The temperature dependence of the nuclear spin-lattice re-
laxation rate divided by T, 1/TT, is measured under mag-
netic field along the b and ¢ axes, as shown in Fig. 4. Here,
the T values for two Te sites within the doublet (Tel or Te4,
Te2 or Te3) are not distinguishable because they are almost
the same. Interestingly, the sample dependence was observed
for the Te2/Te3 site, which is considered to be sensitive to
chemical potential. For sample #S2, 1/TT for Te2/Te3 is
about three times larger than that for Tel/Te4, indicating a
higher spin density for Te2/Te3, consistent with the result of
K. We find that 1/TT is strongly suppressed with decreas-
ing temperature, approximately following a parabolic func-
tion ~ C;T? + C,. The constant term indicates the residual
density of state, characteristic of the type-II Weyl semimetal.
This is consistent with the observation of the small Fermi sur-
face by photoemission spectroscopy.?>*! Similar 1/T,T be-
havior has been commonly observed in type-I Weyl!"! and
3D Dirac semimetals'>*? with the residual density of states.

The theoretical formula of 1/7;T for 3D Dirac fermions is
expressed as

L 27 5 55 4
TlT - 3 /107118 c 3
°° Of(E,p) | p*(E), 2(E* - A?) ©)
X dE |- In R
o OE E2 wolE|

where p(E) is the density of states, f(E, u) the Fermi distri-
bution function, ¢* = (A/m*)!/? the velocity with the effec-
tive mass m*, wo the NMR frequency, and A half the band
gap.'®4) 1/T T scales to ~ T? for u, A < T and then ap-
proaches a constant value for a temperature range T < L,
following Korringa’s law in normal metals. Although the the-
oretical calculation does not assume the strong tilting of the
Weyl corns, our experimental result well fits to the theoreti-
cal calculation of 1/7T, as shown in Fig. 4(a). The agree-
ment suggests that the low-lying excitation is governed by
the band curvature around the Weyl points and the density of
states, which is commonly linear in energy for both the type-
I and type-II Weyl semimetals. Under high magnetic fields,
the continuous band can be squeezed into the Landau levels.
However, we did not observe indication of the quantization
and suppression of the spin density by charge compensation
in the field range of 5-9 T.

In weakly correlated metals, (1/7,T) is proportional to the

square of the density of states, p(E)z, at the Fermi level,
while K directly scales to p(E) depending on temperature.
Following the extended Korringa’s relation, K linearly scales
to (1/T;T)"/2.' Indeed, we find a good linear relationship
between K and (1/7,T)"/? for an extensive temperature range
from 300 to 10 K, as shown in Fig. 5. Here, the y-offset ex-
tracts the T-independent term governed by the diamagnetic
chemical shift due to inner electrons and the paramagnetic
Van-Vleck shift.

The linearity yields the ratio between 1/7;T and K2, which
is called the Korringa ratio defined by K(a) = (T, TK?)"'/S,
where So = f(y./v,)?/(4nkg) = 2.64 x 1070 sK is the Kor-
ringa constant for free electrons with the gyromagnetic ratio
v.. From the linearity in Fig. 5, we obtained K(a) as 2.6—
5.5 depending on the Te site. The enhancement factor can be
a measure of the site-dependent electron correlation of Weyl
fermions*? and orbital fluctuations.> In the present experi-
ment, we neglect the anisotropy of the hyperfine coupling be-
cause of the lack of the a-component of K, which may cause
the overestimation of K'(«a).

4. Discussion

We discuss the Te 5p orbital occupation in terms of the
anisotropic hyperfine coupling obtained from the Knight shift
measurement. The band structure of WTe, has been inten-
sively studied on the basis of the density functional theory and
the local density approximation.?>324D There are two Weyl
points and Fermi pockets consisting of the electron and hole-
like bands. Not only tungsten 5d bands but also tellurium 5p
bands have a significant weight on the Weyl points carrying
the low-lying excitation.>? However, the energy bands are not
labeled with crystallographically inequivalent atomic sites.

The anisotropic part of the Knight shift comes from the
magnetic dipolar hyperfine interaction with 5p spins. The dif-
ferent anisotropy of the hyperfine coupling tensor suggests the
site-dependent 5p orbital occupation (py, py, p;) at the Fermi
level. The dipolar hyperfine coupling tensors of py, p,, and p,
orbitals have the diagonal components proportional to (2, —1,
-1), (=1,2, 1), and (-1, -1, 2), respectively.*>

The observed K in Fig. 2 shows a prominent minimum for
Te2/Te3 around the a(x) axis. The large negative Kzz indi-
cates the doubly degenerate p, and p, electron or the p, hole
occupation near the Fermi level. In contrast, K for Tel/Te4
has a minimum in the bc plane parallel to the Tel-Te4 bond
direction, suggesting a predominant p, or p; hole occupation.
The amplitude of the Knight shift is suppressed because of
the lower density of states. The orbital selective property of
the band structure has recently been investigated via photoex-
citation,® and the contribution of Te 5 p orbitals to the hole-
like bands crossing the Fermi level has been shown, consistent
with the result of Knight shifts. Our experimental result of
site-selective NMR spectroscopy suggests that all the Te sites
contribute to the low-energy property in the orbital-dependent
manner.
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Fig. 4. (Color online) (a) Temperature dependence of 12> Te nuclear spin-lattice relaxation rate divided by temperature, 1/7 T, for the single crystals (#S1
and #S2) of WTe; under magnetic field along the b axis. The solid curve is the model fitting for Weyl fermions. (b) 1/7T for #S2 measured along the ¢ axis.
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Fig. 5. (Color online) '*Te Knight shift K plotted against (1/7,T)'/? as
an implicit function of temperature in WTe, (#S2).

5. Conclusion

Local spin and orbital susceptibility was investigated via
125Te NMR measurements on single crystals of the Weyl
semimetal WTe,. We obtained the local spin susceptibility
of the four Te sites that are classified into two groups with
different anisotropies depending on the W-Te bond length.
The temperature dependence of the nuclear spin-lattice relax-
ation agrees with the theoretical calculation in Weyl semimet-
als. We confirmed Korringa’s law in an extensive tempera-
ture range, consistent with the weakly correlated metal. The
enhancement factor of the Korringa constant suggests orbital
fluctuations of Weyl fermions. The predominant hole occu-
pation in p orbitals was evaluated from the anisotropy of the
Knight shift. These results complement the results of optical
and photoemission spectroscopy.

Note: Similar 1/T; data of WTe, for powder samples
were found in the literature during the preparation of the
manuscript, which qualitatively agree with our data.*6:47

Acknowledgements

We thank S. Inoue and T. Jinno for technical support.
This work was supported by JSPS KAKENHI (Grants No.
JP19HO01837, JP16H04012, and JP19H05824).

1) J. Xiong, S. K. Kushwaha, T. Liang, J. W. Krizan, M. Hirschberger,
W. Wang, R. J. Cava, and N. P. Ong: Science 350 (2015) 413.

2) D. Hsieh, D. Qian, L. Wray, Y. Xia, Y. Hor, R. Cava, and M. Z. Hasan:
Nature 452 (2008) 970.

3) A. A. Soluyanov, D. Gresch, Z. Wang, Q. Wu, M. Troyer, X. Dai, and
B. A. Bernevig: Nature 527 (2015) 495.

4) B. Yan and C. Felser: Ann. Rev. Condens. Matter Phys. 8 (2017) 337.

5) Q. Ma, S.-Y. Xu, H. Shen, D. MacNeill, V. Fatemi, T.-R. Chang, A. M.
Mier Valdivia, S. Wu, Z. Du, C.-H. Hsu, S. Fang, Q. D. Gibson,
K. Watanabe, T. Taniguchi, R. J. Cava, E. Kaxiras, H.-Z. Lu, H. Lin,
L. Fu, N. Gedik, and P. Jarillo-Herrero: Nature 565 (2019) 337.

6) Y. Wu, D. Mou, N. H.Jo, K. Sun, L. Huang, S. L. Bud’ko, P. C. Canfield,
and A. Kaminski: Phys. Rev. B 94 (2016) 121113.

7) B. Feng, Y.-H. Chan, Y. Feng, R.-Y. Liu, M.-Y. Chou, K. Kuroda,
K. Yaji, A. Harasawa, P. Moras, A. Barinov, W. Malaeb, C. Bareille,
T. Kondo, S. Shin, F. Komori, T.-C. Chiang, Y. Shi, and 1. Matsuda:
Phys. Rev. B 94 (2016) 195134.

8) Z.Okvitovity, F. Simon, and B. Déra: Phys. Rev. B 94 (2016) 245141.

9) B. Dora and F. Simon: Phys. Status Solidi B 247 (2010) 2935.

10) M. Hirata, K. Ishikawa, G. Matsuno, A. Kobayashi, K. Miyagawa,
M. Tamura, C. Berthier, and K. Kanoda: Science 358 (2017) 1403.

11) H. Yasuoka, T. Kubo, Y. Kishimoto, D. Kasinathan, M. Schmidt,
B. Yan, Y. Zhang, H. Tou, C. Felser, A. Mackenzie, and M. Baenitz:
Phys. Rev. Lett. 118 (2017).

12) Y. Tian, N. Ghassemi, and J. H. Ross: Phys. Rev. B 100 (2019) 165149.

13) Y. Liu, Z. Li, L. Guo, X. Chen, Y. Yuan, F. Liu, S. Prucnal, M. Helm,
and S. Zhou: J. Magn. Magn. Mater. 408 (2016) 73 .

14) C. G. Wang, Y. Honjo, L. X. Zhao, G. F. Chen, K. Matano, R. Zhou,
and G.-q. Zheng: Phys. Rev. B 101 (2020) 241110.

15) Y. Watanabe, M. Kumazaki, H. Ezure, T. Sasagawa, R. Cava, M. Itoh,
and Y. Shimizu: J. Phys. Soc. Jpn. 90 (2021) 053701.

16) T. Hirosawa, H. Maebashi, and M. Ogata: J. Phys. Soc. Jpn. 86 (2017)
063705.

17) X. Qian, J. Liu, L. Fu, and J. Li: Science 346 (2014) 1344.

18) S. Wu, V. Fatemi, Q. D. Gibson, K. Watanabe, T. Taniguchi, R. J. Cava,



J. Phys. Soc. Jpn.

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)
31)

32)

and P. Jarillo-Herrero: Science 359 (2018) 76.

Y. Shi, J. Kahn, B. Niu, Z. Fei, B. Sun, X. Cai, B. A. Francisco, D. Wu,
Z.-X. Shen, X. Xu, D. H. Cobden, and Y.-T. Cui: Sci. Adv. 5 (2019).
S. Tang, C. Zhang, D. Wong, Z. Pedramrazi, H.-Z. Tsai, C. Jia,
B. Moritz, M. Claassen, H. Ryu, S. Kahn, J. Jiang, H. Yan,
M. Hashimoto, D. Lu, R. G. Moore, C.-C. Hwang, C. Hwang, Z. Hus-
sain, Y. Chen, M. M. Ugeda, Z. Liu, X. Xie, T. P. Devereaux, M. F.
Crommie, S.-K. Mo, and Z.-X. Shen: Nat. Phys. 13 (2017) 683.

Y.-Y. Lv, X. Li, B.-B. Zhang, W. Y. Deng, S.-H. Yao, Y. B. Chen,
J. Zhou, S.-T. Zhang, M.-H. Lu, L. Zhang, M. Tian, L. Sheng, and Y.-F.
Chen: Phys. Rev. Lett. 118 (2017) 096603.

M. N. Ali, J. Xiong, S. Flynn, J. Tao, Q. D. Gibson, L. M. Schoop,
T. Liang, N. Haldolaarachchige, M. Hirschberger, N. P. Ong, and R. J.
Cava: Nature 514 (2014) 205.

P. Sharma, F.-X. Xiang, D.-F. Shao, D. Zhang, E. Y. Tsymbal, A. R.
Hamilton, and J. Seidel: Sci. Adv. 5 (2019).

D. Kang, Y. Zhou, W. Yi, C. Yang, J. Guo, Y. Shi, S. Zhang, Z. Wang,
C. Zhang, S. Jiang, A. Li, K. Yang, Q. Wu, G. Zhang, L. Sun, and
Z. Zhao: Nat. Commun. 6 (2015) 7804.

V. Fatemi, S. Wu, Y. Cao, L. Bretheau, Q. D. Gibson, K. Watanabe,
T. Taniguchi, R. J. Cava, and P. Jarillo-Herrero: Science 362 (2018)
926.

Y. Wang, L. Wang, X. Liu, H. Wu, P. Wang, D. Yan, B. Cheng, Y. Shi,
K. Watanabe, T. Taniguchi, S.-J. Liang, and F. Miao: Nano Lett. 19
(2019) 3969.

I. Pletikosi¢, M. N. Ali, A. V. Fedorov, R. J. Cava, and T. Valla: Phys.
Rev. Lett. 113 (2014) 216601.

J. Jiang, F. Tang, X. C. Pan, H. M. Liu, X. H. Niu, Y. X. Wang, D. F.
Xu, H. F. Yang, B. P. Xie, F. Q. Song, P. Dudin, T. K. Kim, M. Hoesch,
P. K. Das, I. Vobornik, X. G. Wan, and D. L. Feng: Phys. Rev. Lett. 115
(2015) 166601.

Y. Wu, N. H. Jo, M. Ochi, L. Huang, D. Mou, S. L. Bud’ko, P. C. Can-
field, N. Trivedi, R. Arita, and A. Kaminski: Phys. Rev. Lett. 115 (2015)
166602.

Z. Zhu, X. Lin, J. Liu, B. Fauqué, Q. Tao, C. Yang, Y. Shi, and
K. Behnia: Phys. Rev. Lett. 114 (2015) 176601.

B. Rahman Rano, I. M. Syed, and S. Naqgib: Res. Phys. 19 (2020)
103639.

J. Augustin, V. Eyert, T. Boker, W. Frentrup, H. Dwelk, C. Janowitz,

33)

34)

35)

36)

37)
38)
39)
40)

41)

42)

43)

44)
45)

46)

47)

and R. Manzke: Phys. Rev. B 62 (2000) 10812.

S.-i. Kimura, Y. Nakajima, Z. Mita, R. Jha, R. Higashinaka, T. D. Mat-
suda, and Y. Aoki: Phys. Rev. B 99 (2019) 195203.

A. J. Frenzel, C. C. Homes, Q. D. Gibson, Y. M. Shao, K. W. Post,
A. Charnukha, R. J. Cava, and D. N. Basov: Phys. Rev. B 95 (2017)
245140.

M.-X. Guan, E. Wang, P-W. You, J.-T. Sun, and S. Meng: Nat. Com-
mun. 12 (2021) 1885.

E. Y. Bruno, A. Tamai, Q. S. Wu, I. Cucchi, C. Barreteau, A. de la Torre,
S. McKeown Walker, S. Ricco, Z. Wang, T. K. Kim, M. Hoesch, M. Shi,
N. C. Plumb, E. Giannini, A. A. Soluyanov, and F. Baumberger: Phys.
Rev. B 94 (2016) 121112.

M. N. Ali, L. Schoop, J. Xiong, S. Flynn, Q. Gibson, M. Hirschberger,
N. P.Ong, and R. J. Cava: EPL (Europhysics Letters) 110 (2015) 67002.
R. K. Harris, E. D. Becker, S. M. C. de Menezes, R. Goodfellow, and
P. Granger: Solid State Nucl. Mag. Res. 22 (2002) 458 .

C. P. Slichter: Principles of Magnetic Resonance (Springer, London,
1990).

Y. Tian, N. Ghassemi, and J. H. Ross: Phys. Rev. Lett. 126 (2021)
236401.

D. Di Sante, P. K. Das, C. Bigi, Z. Ergonenc, N. Giirtler, J. A. Krieger,
T. Schmitt, M. N. Ali, G. Rossi, R. Thomale, C. Franchini, S. Picozzi,
J. Fujii, V. N. Strocov, G. Sangiovanni, I. Vobornik, R. J. Cava, and
G. Panaccione: Phys. Rev. Lett. 119 (2017) 026403.

S. Suetsugu, K. Kitagawa, T. Kariyado, A. W. Rost, J. Nuss, C. Miihle,
M. Ogata, and H. Takagi: Phys. Rev. B 103 (2021) 115117.

H. Maebashi, T. Hirosawa, M. Ogata, and H. Fukuyama: J. Phys. Chem.
Solids 128 (2019) 138 .

H. Isobe and N. Nagaosa: Phys. Rev. Lett. 116 (2016) 116803.

A. Abragam and B. Bleaney: Electron Paramagnetic Resonance of
Transition lons (Oxford University Press, London, 1970).

A. O. Antonenko, E. V. Charnaya, M. K. Lee, L. J. Chang, J. Haase,
S. V. Naumov, A. N. Domozhirova, and V. V. Marchenkov: Phys. Solid
State 61 (2019) 1979.

W. Papawassiliou, J. P. Carvalho, H. J. Kim, C.-Y. Kim, S. J. Yoo, J. B.
Lee, S. Alhassan, S. Orfanidis, V. Psycharis, M. Karagianni, M. Fardis,
N. Panopoulos, G. Papavassiliou, and A. J. Pell: arXiv:2110.01300
(2021).



