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The new Kondo material YblrsSiv, similar to other Kondo insulators, has been reported to exhibit
charge-neutral fermionic excitations through measurements of specific heat and thermal conductivity
at low temperatures. We performed 2°Si-NMR on YbIrsSi; to investigate the magnetic response
of charge-neutral fermions from a microscopic perspective. In low magnetic fields parallel to the ¢
axis, a single NMR peak in the paramagnetic state splits into three peaks below Tn. In contrast,
only a slight shift of the single NMR peak was observed in high magnetic fields. This spectral
change as a function of the c-axis magnetic field is interpreted as spin-flop transition, at which
the magnetic moments oriented along the ¢ axis (AF-I phase) are rotated to the ab plane with
ferromagnetic component along the c-axis (AF-II phase). In the vicinity of the spin-flop magnetic
field Hwm, nuclear spin-lattice relaxation rate 1/77 was found to be proportional to temperature
at low temperatures, indicating the existence of charge-neutral fermions. Furthermore, a peak of
1/T1 vs. the c-axis magnetic field suggests that the charge-neutral fermions in YblrsSir are closely
related to its magnetic properties. Our findings shed light on the origin of charge-neutral fermions

in insulators.

A charge-neutral fermionic excitation in strongly corre-
lated insulators is at present among the most researched
topics in condensed-matter physics. In frustrated an-
tiferromagnets, gapless fermionic excitations have been
observed in several experiments[1-6]. This gapless exci-
tation has been discussed in terms of a spin liquid with
spinon Fermi surfaces[7-9]. Recently, in certain Kondo
insulators, quantum oscillation, specific heat, and ther-
mal conductivity experiments have revealed the presence
of itinerant fermions with bulk nature[10-14], which con-
tradicts the charge gap observed in transport measure-
ments. Although various theoretical models attempting
to explain novel charge-neutral fermionic excitations have
been proposed[15-19], the origin of the charge-neutral
fermions still remains unclear.

Quite recently, a new class of Kondo material YblrsSiz,
showing insulating resistivity, has been discovered|[20].
YblIr3Siz has a trigonal ScRh3Siz-type crystal structure
with space group R3c (#167, DS,) [Fig. 1(a)]. Mag-
netization and X-ray photoelectron spectroscopy (XPS)
measurements indicated that the Yb-ions were very close
to the trivalent state in the bulk. At zero magnetic field,
antiferromagnetic (AF) order occurs below the Néel tem-
perature Ty = 4.1 K. Further, neutron diffraction mea-
surements have reported that I'; AF state is realized be-
low Tx[20]. In the I'; AF state, all the Yb3T moments are
oriented along the c axis, with each Yb** moment aligned
anti-parallel to its six nearest neighbors in the nearly cu-
bic Yb sublattice, and parallel to its co-planar next near-
est neighbors, as shown in the inset of Fig. 1(c). The size
of the ordered moment is ~1.5 up/Yb3T. Some of the au-
thors previously reported that this AF order can be tuned

by the magnetic field parallel to the c axis and that a spin-
flop transition, at which the magnetic moments oriented
along the ¢ axis (AF-I phase) are rotated to the ab plane
(AF-II phase), occurs at pugH ~ 2.5 T [Fig. 1(f)][21].
Moreover, the low-temperature specific heat and ther-
mal conductivity measurements in YblrsSi; suggested
the presence of charge-neutral fermionic excitations[21].

In this study, we performed 2°Si-NMR measurements
on YblrsSi; to investigate the magnetic properties at low
temperatures as well as the relation with the charge-
neutral fermions from a microscopic point of view.
The obtained NMR results support the existence of
charge-neutral fermionic excitations and indicate that the
charge-neutral fermions are closely related to the spin-
flop transition in YblrsSiy.

High-quality single crystals of Yblr3Siz were grown as
described in ref. [20]. There are two crystallographi-
cally inequivalent Si sites, 6a and 36f, with point sym-
metries 32 and 1, which are denoted as Si(1) and Si(2),
respectively, as shown in Fig. 1(a). A conventional
spin-echo technique was used for NMR measurements.
26i (I = 1/2, nuclear gyromagnetic ratio 2%, /27 =
8.4587 MHz/T, and natural abundance 4.7%) NMR spec-
tra were obtained as a function of frequency at fixed
magnetic fields. The NMR spectra are plotted against
K = (f—f0)/fo, where f is the NMR frequency, and fo is
the reference frequency determined as fo = (v, /27)uoH.
The magnetic field was calibrated using 3Cu (53,, /27 =
11.285 MHz/T) and ®*Cu (%5, /27 = 12.089 MHz/T)
NMR signals from the NMR coil. The nuclear spin-lattice
relaxation rate 1/T} was determined by fitting the time
variation of the nuclear magnetization after saturation
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FIG. 1. Information about magnetic structures in YbIrzSiz determined from NMR measurements. (a) The crystal structure of
YblIrsSiz. 2Si-NMR spectrum at 1.5 and 4.2 K for (b) 3.2 T (AF-II phase) and (c) 1.9 T (AF-I phase). The simulations of the
NMR spectrum considering the classical dipole interaction are also plotted. The magnetic structures used in the simulation

are shown in the inset.

(d) Magnetic field variation of NMR spectrum in the AF state. (e) Magnetic field dependence of the

intensity ratio of center and left peaks. The dashed line indicate the spin-flop transition field Hy. (f) H-T' phase diagram for
H || ¢. Squares and inverted triangles denote Tx and Ha, respectively.

probed with the spin-echo intensity to a theoretical func-
tion for I = 1/2. Low-temperature NMR measurements
down to 110 mK were performed using an *He-*He di-
lution refrigerator, and the single-crystalline sample was
immersed into the mixture.

First, we investigated the c-axis magnetic field vari-
ation of the magnetic structure. Figures 1(b) and 1(c)
show 2Si-NMR spectrum for 3.2 T (AF-II phase) and
1.9 T(AF-I phase), respectively. At 4.2 K (> Tn), a
single NMR peak was observed both at 1.9 and 3.2 T,
reflecting the overlapping of two Si sites. As reported
previously[21], at 1.9 T (AF-I phase), the NMR spec-
trum splits into three peaks below Ty, with the peaks in
the higher and lower K, indicating the appearance of an
internal magnetic field parallel to the external magnetic
field at the Si(2) site. The remaining peak arises from the
Si(1) site at which an internal magnetic field from the Yb
magnetic moment is canceled. Considering the classical
dipole interaction, these three peaks can be reproduced
by the I'y AF state with 1.5 up/Yb3*t, as shown in the
inset of Fig. 1(c). Here, the dipolar magnetic field at each

Si site H from the Yb 4f moments can be expressed
as,
i di
H3 =Y H{™(r;), (1)
i Hi T4
HY¥(p) = — , 2
e(r) = V5 2

where p; is a magnetic moment at the ¢th Yb site, and r;
is the relative position vector of ith Yb site from the Si

site. The magnetic structure and size of ordered moment
are consistent with neutron diffraction measurements[20].
On the other hand, only a slight shift to higher K direc-
tion was observed at 3.2 T (AF-II phase). This small shift
can be reproduced via the magnetic structure as shown
in the inset of Fig. 1(b) with 1.5 ug/Yb3", wherein, the
AFM moments are oriented perpendicular to the exter-
nal magnetic field with ferromagnetic component along
the field. The angle from the ab plane was estimated to
be approximately 75° (almost parallel to the ¢ axis). In
this magnetic structure, the internal fields at the Si(1)
and Si(2) sites are small and almost identical, thereby
resulting in the single 29Si-NMR peak even below Tx.
Consequently, these results indicate the occurrence of a
spin-flop transition with applying magnetic field along
the c axis.

To determine the spin-flop transition field Hy; from
NMR measurements, we measured the c-axis magnetic
field variations of NMR spectrum below Ty as shown in
Fig. 1(d). Up to ~ 2.66 T, three distinct peaks were
observed, indicating the AF-I phase. With the further
application of a magnetic field, the NMR spectrum re-
duced to a single peak, reflecting the spin-flop transition.
The change in the NMR spectrum can also be recog-
nized in the magnetic field dependence of the intensity
ratio of center and right peaks as shown in Fig. 1(e).
The intensity of the right peak begins to decrease from
2.5 T and attained a background level at 2.7 T with in-
creasing magnetic field. Thus, Hy; was determined to be
~2.7 T, which is in good agreement with the magnetiza-
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FIG. 2. Temperature dependence of nuclear spin-lattice relax-
ation rate 1/7Ty for poH = 2.4, 2.8, and 3.1 T for H || ¢. The
solid line is a guide for the eye of temperature-linear behav-
ior. Inset: Inverted temperature dependence of 11 at 2.4 T.
Considering the low-temperature behavior, the magnetic ex-
citation gap was estimated to be ~ 1 K. The solid line is the
fitting result.

tion results[21], as shown in Fig. 1(f).

Next, we investigate the low-energy magnetic excita-
tions with respect to the c-axis magnetic field. Figure 2
shows the temperature dependence of the nuclear spin-
lattice relaxation rate 1/7Ty for poH = 2.4, 2.8, and 3.1 T
(H || ¢). In the measured magnetic field range, 1/7T} was
approximately constant above Ty, indicating that AF
fluctuations are governed by localized moments. Tn was
determined by the temperature below which 1/77 sud-
denly decreased. Tn determined via the NMR measure-
ments in this study was slightly higher than that deter-
mined from bulk measurements [Fig. 1(f)]. In contrast to
the behavior in high temperatures, the low-temperature
behavior was largely affected by magnetic fields. Below
TN, 1/T4T decreased on cooling owing to the suppres-
sion of magnetic fluctuations. At 2.4 T (AF-I phase),
1/Ty decreased exponentially on cooling, indicating the
existence of a spin gap. Such behavior is common in in-
sulating magnets. The size of the gap was estimated to
be ~ 1 K from the Arrhenius plot as shown in the inset
of Fig. 2. On the other hand, at 2.8 and 3.1 T, 1/7} is

proportional to temperature at low temperatures, indi-
cating the non-zero density of states at Fermi energy Fp.
In metallic systems, nonzero 1/T7T is observed because
of the contribution from conduction electrons; however,
its origin in case of insulators is not determined so far.
Such nonzero values of 1/T1T in the AF-II phase were
clearly observed from the residual 1/77T via extrapo-
lation to T" — 0, as in Fig. 3(a). The constant value
at low temperatures decreased with increasing magnetic
field, and, at 3.5 T, it becomes approximately one order
of magnitude smaller than the maximum value. Figure 3
(b) depicts the magnetic field dependence of 1/T1T at
~ 0.125 K. 1/T1T shows a peak at 2.7 T, which coinci-
dences with Hy. The significant enhancement of 1/77T
near Hy; has also been observed in conventional antifer-
romagnets due to higher-order magnon processes[22, 23].
However, for higher-order magnon processes, the temper-
ature dependence of 1/T} decreases exponentially[24, 25].
In YblrsSiz, the temperature dependence of 1/T; at low
temperatures is proportional to 7. Thus, the observed
behavior cannot be explained by conventional magnon
processes. We fit the magnetic field dependence of 1/77T
to |Hy — Ho|™?, as shown in Fig. 3 (b). The 3 is 1.2
below Hyr and 0.6 above Hyr, which is smaller than con-
ventional antiferromagnets (1.5)[22, 23].

The nonzero 1/ThT at low temperatures in the
insulating state has been observed in frustrated
Kagomé compounds, such as CuzVy07(OH)2-2H50[1]
and ZnCuz(OH)gSO4[3]. Furthermore, recently, some of
the authors reported that constant 1/77T behavior in the
AF state of the Yb-based semiconductor YbCuS, with
4f zigzag structure. The value of 1/T1T in YbCuS; is
one order of magnitude larger than that of Cu metal[6].
In these systems, spinon excitation is one of the leading
candidates for the origin, however, it has not yet been
settled. In contrast, a broad peak with respect to tem-
perature has been observed in 1/T} of 1'B-NMR on non-
magnetic Kondo insulators SmBg[26, 27] and YbB12[28],
which is different from the results of YbIrzSiz. Thus, fur-
ther research is necessary for a unified understanding of
charge-neutral fermions.

Finally, the NMR results obtained in this study were
compared with the recent results of specific heat and
thermal conductivity[21]. As shown in Fig. 3(b), similar
to 1/T1T, the magnetic field dependence of the electronic
specific heat coefficient v also yielded a broad maximum
at approximately Hyr. However, the height and width are
different between two measurements. The peak of 1/T77T
is sharper and larger than that from specific heat, which
can be attributed to the sensitivity of the detection of the
charge-neutral fermions at low temperatures. Because
the nuclear Schottky contribution becomes dominant at
low temperatures in the specific heat measurements, the
contribution of charge-neutral fermions can only be es-
timated by the extrapolation of C(T)/T above 1 K to
T = 0[21]. However, there is no such background con-
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FIG. 3. (a) Temperature dependence of 1/T1T for various c-
axis magnetic fields. The dotted curves are guides for the eye
of gaped behavior. (b) Magnetic field dependence of 1/71T
at ~ 0.125 K. For comparison, we also plot the magnetic field
dependence of the electronic specific heat coefficient y[21].

tribution in 1/7%; it can directly detect the contribution
of charge-neutral fermions down to the lowest tempera-
tures. Therefore, it is considered that the charge-neutral
fermionic excitations are strongly enhanced only in the
narrow region around Hyy.

In contrast, the magnetic field dependence of ther-
mal conductivity does not show any peak at Hy[21].
This difference originates from the characteristics of the
measurement method. In metallic systems, the specific
heat and NMR-1/T} are dominated by the heavy-electron
bands, whereas thermal conductivity is governed by light-
electron bands. Thus, the enhancement of the excita-
tions around Hy is attributed to heavier (conductive)
fermions. In addition, the different behavior between
NMR-1/T7 and thermal conductivity suggests the exis-
tence of at least two types of charge-neutral fermions
in YblIrsSi;. There are many theories on the origin of
charge-neutral fermions in YblIrgSiz, such as 3D Majo-
rana fermions, composite magnetoexcitons, and spinons
in fractionalized Fermi liquids[15-19], but few experi-
ments on their properties. Our experimental results

would largely contribute to the understanding of the ori-
gin.

In conclusion, we have performed 2°Si-NMR on the
AF Kondo material YblrsSi7 to investigate the magnetic
response of charge-neutral fermions from a microscopic
point of view. Based on the c-axis magnetic field vari-
ation of the NMR spectrum, we confirmed the spin-flop
transition at Hyy = 2.7 T. While 1/T; decreases exponen-
tially at low temperatures at 2.4 T, 1/T} is proportional
to temperature at low temperatures at 2.8, and 3.1 T,
indicating the existence of charge-neutral fermions. The
peak of 1/T; with respect to the c-axis magnetic field
indicates that these charge-neutral fermions are closely
related to the magnetic properties of the metamagnetic
transition in YblrgSi;. Therefore, the present findings
provide significant information regarding the origin of
charge-neutral fermions recently discovered in Kondo
materials.
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