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Magnetic anisotropy and spin dynamics in the kagome magnet Fe,Si,Sn;044:
NMR and magnetic susceptibility study on oriented powder
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Fe,Si,Sn;0,¢ hosts an undistorted kagome lattice of Fe?* (3d°, S = 2) ions. We present results of bulk
magnetization and Sn nuclear magnetic resonance (NMR) measurements on an oriented Fe,Si,Sn;0,¢ powder
sample oriented in geometries parallel (||) and perpendicular (L) to the external applied magnetic field used
for orienting the powder (B,;). The bulk susceptibility y shows a broad peak at Ty ~ 3 K associated with
antiferromagnetic ordering. NMR spectra indicate the presence of planar anisotropy in the kagome planes.
From an analysis of the static NMR shift (K) and dynamic spin-lattice relaxation rate (1/7;) we conclude the
presence of dominant magnetic fluctuations in the kagome planes. For the || orientation, K scales linearly with
the bulk susceptibility for temperatures down to ~4 K, while in the L orientation K starts to deviate strongly
below T ~ 30 K. We associate this deviation with the onset of spin-tilting towards the kagome planes. These
correlations are also reflected in the 1/7; data for the || orientation, which starts to decrease below 7"~ 30 K.
In this correlated regime, Ty < 7" < ~30 K, we discuss the formation of positive chiral spin correlations in the

kagome planes.

DOLI: 10.1103/PhysRevB.103.064425

I. INTRODUCTION

Geometrically frustrated kagome lattice compounds are a
subject of intense investigations for both classical and quan-
tum Heisenberg antiferromagnets [1,2]. In the classical case
(large-spin multiplicity), a coplanar ground state is selected
via an “order by disorder” mechanism [3]. On the basis of
second-neighbor J, and third-neighbor J3 interactions, Harris
et al. predicted that for J, > J3 and J, < J3 the system selects
120° states of type q = 0 and q = /3 x /3, respectively [4].
In recent years, fractionalized Z, and “jammed” spin-liquid
ground states have been proposed [5,6]. In quantum sys-
tems (S = 1/2), the ground state is discussed in the context
of valence bond crystals [7] and gapped or gapless spin
liquids [8,9].

Fe,Si,Sn704¢is an Fe-based synthetic kagome compound
with a frustration index f = |Ocw|/Ty ~ 3.6. Its structure
contains alternately stacked Fe’* (S =2) kagome layers
(Fig. 1) and FeSng (S = 0) stannate layers [12,13]. The local
octahedral environment of the Fe?* ions is similar to the local
environments of Dy and Ho in the pyrochlore compounds
Dy, Ti,O7 and Ho,Ti,O7 [10,11]. Fe4Si2Sn; 016 is a classical
analog to the well-studied kagome compound herbertsmithite,
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ZnCu3(OH)¢Cl,, which is a candidate to realize a quantum
spin-liquid state [1,14].

Recent results of neutron scattering and Mossbauer spec-
troscopy experiments on Fe;Si;Sn;01¢ suggest that the Fe
moments lie in the kagome planes [15]. Below the ordering
temperature Ty ~ 3 K, only 2/3 of the spins order antifer-
romagnetically, while the other 1/3 remain frustrated down
to at least 0.1 K [15]. The proposed single-q propogation
vector (0, % %) breaks the hexagonal symmetry of the lattice.
Partially ordered states are also observed in the Heisenberg
pyrochlore system Gd,Ti,O; and in the kagome heavy-metal
system CePdAl [16,17]. Further, for a kagome spin-ice sys-
tem with additional J, interactions, partially ordered magnetic
structures were predicted by Wills ef al. [18].

The observed partially ordered magnetic structure of
Fe4Si,Sn70¢ is in contrast with most predictions for kagome
Heisenberg antiferromagnetic (AFM) models [19]. For exam-
ple, in the Fe kagome jarosite compound KFe3;(OH)g(SOy4),,
Fe’* (S =5/2, L =0) hosts a 120° magnetic structure of
type q = 0 with positive chirality (clockwise rotation of spins
in a kagome triangle) [20-22]. These moments are canted
out of the kagome planes [20-22]. This tilting of Fe*" spins
is favorably explained by additional Dzyaloshinskii-Moriya
interactions rather than by single-ion anisotropy [4,20,22-28].

To understand the relevant anisotropic interactions in
Fe,Si;Sn7016 we have now performed bulk magnetization
and nuclear magnetic resonance (NMR) studies on oriented

©2021 American Physical Society
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FIG. 1. (a) Crystal structure of Fe,Si,Sn;0,¢ with the kagome
layer made up of FeOq (Fel, O1, O3) and SnO¢ (Snl, O1, 03)
octahedra. Kagome layers are separated by a nonmagnetic layer of
FeSng octahedra (Fe2, Sn2). The unit cell is shown by dashed lines.
(b) Two Sn sites (Sn1, gray; Sn2, brown) in the crystal. Snl is located
at the center of the kagome rings formed by Fel (blue). Sn2 are
located equally above and below the kagome layer. There are six
times more Sn2 sites than Snl1 sites. (c) Hyperfine pathways between
Fel and Sn (Sn1, Sn2) via connecting O3.

and unoriented powder samples. The orientation and fixing of
the powdered sample were performed at room temperature.
NMR is a powerful microscopic probe that can shed light on
the local properties of this system. The NMR shift, K, probes
the intrinsic spin susceptibility. The NMR line shape allows
us to identify the anisotropic behavior. In addition, the NMR
spin-lattice relaxation rate, 1/7;, probes the dynamical spin
susceptibility, giving crucial information about the low-energy
excitations, which in general are enhanced for a frustrated
system.

Bulk magnetization shows the presence of dominant AFM
interactions. NMR measurements on oriented and unoriented
powder samples confirm the presence of planar magnetic
anisotropy. Our combined NMR studies on oriented and un-
oriented powder samples yield insights similar to those that
could be obtained from a single crystal, which are not avail-
able currently. Our investigations reveal the anisotropic static
and dynamic properties of Fe4Si;Sn;0;¢. The K vs bulk sus-
ceptibility plot is linear down to 4 K, confirming the absence
of foreign phases. NMR 1/7; shows a weak maximum at
~2.5 K due to the critical slowing-down of AFM spin fluc-
tuations.

II. EXPERIMENTAL PROCEDURE

Details of the synthesis of polycrystalline samples of
Fe,Si;Sn7046 were reported previously [13,15]. To prepare
an oriented powder sample, approximately similar amounts
by volume of FesSi;Sn;01¢ and Stycast 1266 were thor-
oughly mixed in a quartz tube of height 2 cm and diameter

0.5 cm. Then the mixture was placed in a homogeneous field
of Bexy = 7 T for approximately 24 h at room temperature.
For comparison, we prepared an unoriented powder sample
of similar mass in a similar way. The temperature-dependent
zero-field-cooled (ZFC) susceptibility was measured in a
Quantum Design superconducting quantum interference de-
vice (SQUID) magnetometer. We performed x measurements
of Fe4Si,Sn;016 over the temperature range from 1.8 to 300 K
and up to Bext = 5 T.

NMR experiments were performed using a Tecmag spec-
trometer at frequencies f =42, 54, and 84 MHz over
wide magnetic field and temperature ranges. NMR line
shapes of isotopes '"’Sn (I =1/2, X =15.868 MHz/T,
8.58% abundance) and ''"Sn (I = 1/2, }* = 15.167 MHz/T,
7.61% abundance) were measured on oriented and unori-
ented powder samples using a 90°-t-180° pulse sequence.
For spin-lattice relaxation rate, 1/7;, measurements, we used
the saturation recovery method 90°-7,-90°-7-180° pulse se-
quence. 1/7; experiments were performed at the maxima
of the central lines. For the oriented sample, we performed
magnetization and NMR experiments by applying Bex || Bori
and B L Boi. These two sets of orientations are hereafter
referred to as parallel (), B;) and perpendicular (x.,B,),
respectively.

III. RESULTS AND ANALYSES

A. Bulk magnetization

An anisotropic magnetic spin system can have a global
easy axis (Ising) as in CePd,As, or it can have multiple
local easy axes as in kagome spin ice, with easy axes aligned
along the line joining the centers of neighboring kagome tri-
angles [18,29]. In an easy-planar (XY) anisotropic system, we
expect the spins to align in a particular plane as in the case
of Er,B,07 (B = Ge, Yb) pyrochlores [30,31]. In general,
these anisotropic properties can be verified using a single
crystal but in the case of unavailability of a single crystal,
these anisotropic properties can be studied by performing
the powder orientation such that the sample behaves like a
pseudo—single crystal.

In the hexagonal Fe,Si,Sn;0,¢ system, we expect a global
planar anisotropy to be present in the kagome plane (xy
plane) [15]. In this case, individual grains of polycrystalline
sample will show preferential alignment such that xy planes
are parallel to By [see Fig. 2(a)]. We can write

Xﬁn = (1 — &) Xunoriented + Ol()(;y) (@))
and
m o i i
X1 = (1 — &) Xunoriented + E(Xxy + XZ)’ 2

where XL and Xzi,xy are the measured and intrinsic single-
crystal susceptibilities, respectively. « is the fraction of
the polycrystalline sample which is preferentially oriented
along B [32].

Contrary to this, in the case of a global easy axis, we
expect the z axis of individual grains of the polycrystalline
sample to be preferentially aligned along the B,,; direction
[see Fig. 2(b)] [32-34], and we can write

Xﬁ” = (1 — &) Xunoriented + a(Xzi) S
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FIG. 2. Schematic of the expected orientation of a polycrys-
talline sample with respect to the applied field B,;. For an ideal
case and a hexagonal system, the alignment of xy planes in the
case of (a) global easy-plane and (b) global easy-axis anisotropy,
respectively.

and

XT = (1 — &) Xunoriented + a(X)iy)‘ 4)

Since By is the driving force for crystal orientation, in both
cases we have x> x1- Independent of the value of «, from
Egs. (1)-(4), for the global easy-axis and global easy-plane
cases, we obtain the following relationships:

X:zloriented = %X)lcy + %le = %Xﬁﬂ + %XT (5)
This shows that from bulk DC susceptibility measurements
on oriented samples one cannot distinguish between global
easy-axis and global easy-plane anisotropy.

Figure 3 shows that the measured and calculated y at
Bext = 100 mT measured on oriented and unoriented powder
samples are consistent. All curves exhibit a broad maximum at
~3 K reflecting the AFM transition. The anisotropic behavior
of Fe,Si,Sn;0 ¢ persists for Bex up to 5 T (see Supplemental
Material [35]). It is lower compared to the planar kagome
compound vesigneite, where the spin lies in the plane [36,37].
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FIG. 3. ZFC magnetic susceptibilities () ) for unoriented (black)
and oriented (red, olive green) samples vs temperature measured in a
field of 100 mT. Inset: Low-temperature data. The dashed black line
represents the broad AFM transition at Ty ~ 3 K. The dashed gray
line represents the estimated x. ... Per Eq. (5).
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FIG. 4. Temperature dependence of ''*/!'7Sn spectra measured at
54 MHz in an unoriented powder sample. At 150 K, the green- and
red-shaded regions show similar signals coming from two isotopes
of '"”Sn and 'Sn, respectively. The dashed black and red lines
represent the peak positions for the diamagnetic !'°Sn and 'Sn
isotopes, respectively. Filled squares show the peak positions on the
right side of the individual '*/!'7Sn spectra.

For all measured fields, the calculated ®cw values from the
Curie-Weiss law analysis of x~! are negative, indicating the
presence of dominating AFM interactions [35]. Further, for
higher external fields, Bexy > 1 T, in the || (L) orientation
the calculated values pi g2+ ~ 5.25up (5.15up) > pspin =
4.9up, and thus we conclude that the orbital moment is not
fully quenched.

B. /117§y NMR spectra

We performed ''%/''7Sn NMR studies on Fe;Si>Sn;0;6
for f =42, 54, and 84 MHz on oriented and unoriented
powder samples. Figure 4 shows the temperature dependence
of M9/1178n spectra of an unoriented powder sample mea-
sured at f = 54 MHz. At 150 K, we observed similar signals
from '"Sn and '"Sn isotopes (see Fig. 4). These signals
are separated due to the difference in their yy values as
f = ynBo with reference field By. Both isotopes give sim-
ilar experimental information. Since the natural abundance
of ”Sn is higher than that of ''”Sn, without loss of any
information we focused our analysis on the ''°Sn signal. Here-
after we refer to measurements at f = 42, 54, and 84 MHz
using By = 2.64, 3.4, and 5.28 T, respectively. The B, val-
ues are calculated with respect to the diamagnetic reference
of 1Sn.

The broadening in the unoriented sample is due to the ran-
domly oriented polycrystalline sample. Since FesSi;Sn;046
has a hexagonal symmetry (a = b) the probability of the exter-
nal field By being parallel to the kagome planes is twice the
probability of its being perpendicular to the kagome planes.
Hence the right-hand part with a higher intensity and the
left-hand part with a lower intensity of the unoriented sample
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FIG. 5. '°Sn spectrum measured at By = 3.4 T (54 MHz) for
unoriented (filled black squares) and oriented (||, filled red triangles;
L, filled olive-green diamonds) samples. Open black squares show
the one-tenth intensities from the unoriented sample and confirm a
high degree of orientation, ~79%, of the oriented powdered sample
(see the text). Red planes on the left and right show the expected
geometry of kagome planes with respect to By, for the B, and B,
orientations, respectively.

spectrum represent the ''”Sn signal for Bey || kagome planes
and By L kagome planes, respectively. This shows that using
NMR we can selectively study the static and dynamic proper-
ties || and L of the kagome planes, even without using a single
crystal.

As we move from higher to lower temperatures, we observe
a much higher shift in the right-hand peak compared to the
left-hand shoulder. Moreover, the spectrum starts to broaden
significantly below 30 K and the effect is even stronger below
Ty ~ 3 K. This suggests that the onset of magnetic corre-
lations starts to develop at 30 K, well above the ordering
temperature Ty ~ 3 K. Below 20 K, the right-hand part of
the ''Sn signal starts to overlap with the left-hand part of
the ''"Sn signal, which precludes the identification of the
peak corresponding to the ''°Sn isotope signal. To solve this
problem, we performed NMR experiments on the oriented
sample.

To estimate the degree of orientation, we compared the
NMR spectra of oriented and unoriented powder samples.
Figure 5 presents the field-swept !'”Sn NMR spectra mea-
sured at By = 3.4 T (54 MHz) and 50 K for unoriented and
oriented (||, L) samples, respectively. We see that for the B,
orientation, the low-field shoulder intensity is suppressed and
the major contribution is from crystallites with Bey || kagome
planes. This confirms that Fe,Si;Sn;O6 has a planar mag-
netic anisotropy. Further, for the B, orientation, we observe
that the contribution from By L kagome planes is enhanced
but the intensities belonging to By || kagome planes are not
fully suppressed (see Fig. 5). This is expected, because due
to planar anisotropy all polycrystalline samples are aligned
such that the kagome planes are along B, but these kagome
planes are not parallel to each other (see Fig. 5). Therefore, for

Normalised Intensities (a.u.)
Normalised Intensities (a.u.)

Ot
32 34 36 38 40 42
B(T)

B (T)

FIG. 6. Temperature variation of the measured spectrum at By =
3.4 T (54 MHz) for (a) the L and (b) the || orientations. Note that the
x-axis scales are different for both orientations. For B we see well-
separated intensities belonging to 'Sn and ''7Sn, while for the L
orientation we focus on the ''°Sn signal. For both orientations, purple
stars indicate the positions of the peak maxima of the 'Sn signal. In
the spectrum at 120 K, for B, , the vertical green shading and sharp
blue line represent the expected line positions and broadening for the
|| and L orientations, respectively. These line shapes are estimated
from dipole-dipole interactions as discussed in the text.

the B, orientation, we see some contribution from the planes
with Bey || kagome planes.

In the NMR spectra of the By orientation (see Fig. 5; filled
red triangles), the intensity contribution in the left-hand part
of the spectrum (3.4 to 3.45 T) belongs to sample grains
with By L kagome planes. By dividing the total area under
the scaled unoriented powder spectrum (blue-shaded area in
Fig. 5) by the total area of the spectrum with the By orientation
(red-shaded area) in the field range of 3.4 to 3.55 T, we find
a ~ 0.79. This shows that in our sample a high degree of
orientation is achieved, such that ~79% of the kagome planes
are aligned along Bg;;.

Figures 6(a) and 6(b) show the temperature variation of the
NMR spectra measured at f = 54 MHz for the B, and B
orientations, respectively. Sn has three NMR active isotopes:
198n, '78n, and '*Sn. All these isotopes have S = § and
NMR shows only a central line corresponding to the Zee-
man transition (3 <> —1). The natural abundance of ''>Sn

064425-4



MAGNETIC ANISOTROPY AND SPIN DYNAMICS IN THE ...

PHYSICAL REVIEW B 103, 064425 (2021)

0.35 o
0.08 — (5T 0020
5T I 10.018
0.30 . i
2T 0201 \ (4 -0.79, cal), 57| 0-016
0.25 NMR shifts ~ 10.06 ; o ona
- "y s 3
& 28T % 0.5 lo.
T_‘“,f 0.20 A 34T g ‘31_: <
- w2641 (00470 o010
o
Zo1sf EN o006
= < 10.006
0.10 0.02 ;
0.05 40.004
| *0.002
40.00 n
(@) (b) , ., ., {0000
0.00 R 0.00
0 50 100 150 0 20 40 60 80 100
T (K) T(K)

FIG. 7. Temperature dependence of the measured x and corre-
sponding K for (a) the || and (b) the L orientations. The dashed pink
line in the right-hand panel shows the estimated x! for a = 0.79 as
discussed in the text.

is 0.35%, and thus the only observed NMR signal is from
19/117g

From the structural point of view, there are two nonequiv-
alent Sn sites in Fe4Si;Sn; 016 [Fig. 1(a)]. There are six times
more Sn2 than Snl sites, therefore the major part of our signal
is from Sn2 [Fig. 1(b)]. In addition, the hyperfine interaction
pathways for both Sn1 and Sn2 to Fel (S = 2) are very similar
[Fig. 1(c)]; this implies that the Snl and Sn2 NMR signals
effectively appear as one single peak. We observe that in the
oriented sample, NMR signals from !'°Sn and ''”Sn isotopes
are well separated for By, even for T < 20 K. This allows us
to accurately measure the position of maxima for both B and
B orientations.

C. NMR shift (K)

From the positions of the maxima we calculated the tem-
perature dependence of the ''”Sn NMR shift. The NMR shift
K is defined for frequency sweep measurements as K =
(f — fo)/fo, where fis the temperature-dependent resonance
frequency and fj is the temperature-independent diamagnetic
reference. Typically, in the case of field sweep measurements,
we estimate —K = (B — By)/By from the observation of the
NMR peak at field B, with By = fy/yn being the reference
diamagnetic field. For both orientations, these shifts are plot-
ted along with the corresponding y values in Fig. 7. The shifts
K for By kagome planes (K|) show behavior similar to that
of x|, increasing monotonically with decreasing temperature.
In contrast, K for Bey L kagome planes (K ) first increases
with decreasing temperature but then deviates from y; below
~30 K.

In general, the NMR shift consists of two parts, K =
A Xspin + Kchem» Where Ay is the hyperfine coupling constant,
Xspin 18 the local spin susceptibility, and Kcper is the temper-
ature independent chemical shift. To calculate Ay, we plot
the NMR shift vs bulk x, with temperature as an implicit
parameter (Clogston-Jaccario) [38]. For both the || and the L
orientations we estimated X\ and x! using Egs. (1) and (2)
with @ = 0.79 [see Figs. 7(a) and 7(b)].

0.10 T T T T T T T
(@ By m
0.08F ® 528T ﬁﬁ"
I A 34T ]
_0.06 = 264T g“ﬁ
¥ 0.04} ot 4K
200 K ol
0.02f| /ﬁ‘ ]
0.00 [##* ]

0.05 0.10 0.15 0.20 0.25 0.30 0.35
Xﬁ’ (ug/Fe?*, a = 0.79, cal)

0.020 —— : :
() |Bo e
0.016 ¢ 528T T
A 34T I AK,
[0012F m 264T ]
120 K »
" 0.008} 15 i"‘l 3 %
0.004 ’“ _ ]
J 30K . .
0.000} , ) 1
0.05 0.10 0.15 0.20
XL (ug/Fe?, a = 0.79, cal)
0.03 . : : : : :
(C) Bexl BO
S M ¢ 528T
% 0.02} Canted A 34T T
£ moments m 264T
b
£ 0.01 Box
- ? ‘
0.00+ é?é?*iii?é AiA A
0 20 60 80 100 120
T (K)

FIG. 8. NMR shift versus macroscopic susceptibility (Clogston-
Jaccario plots) for (a) the Bj and (b) the B, orientations. For B, we
performed a comparison by estimating x| and x' at the respective
Bew (2, 3.5, and 5 T) with « = 0.79. All dashed lines are guides
for the eye. The Clogston-Jaccario plot shows a linear relationship
down to 4 K for By. For L, this linear relationship starts to deviate
below T ~ 30 K. (c) The deviation from linear behavior is plotted
as a function of the temperature and shows a tendency to increase as
the temperature decreases. We ascribe this increase in the shift to the
tilting of the polarized moments toward the kagome planes. These
polarized moments are shown as brown arrows in the bottom panel.

The Clogston-Jacarrio analysis for || and L orientations
are shown in Figs. 8(a) and 8(b), respectively. As expected,
for the || orientation a strict linear relation between K and
the corresponding bulk susceptibility is observed [Fig. 8(a)].
The NMR shift for the | orientation deviates significantly
below 30 K [Fig. 8(b)]. The magnitude of this deviation |AK]|
increases as the temperature is lowered from 30 K [Fig. 8(c)]
and decreases with increasing Bex:.

In the paramagnetic state and for L orientation measure-
ments, the spins are polarized L to the kagome planes. The
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TABLE I. Calculated Agi, tensor elements for one Snl and six Sn2 sites as discussed in the text. All values are in units of T/ and are

estimated at 120 K for 54 MHz.

Sn atom
Snl_1 Sn2_1 Sn2_2 Sn2_3 Sn2_4 Sn2_5 Sn2_6
A 0.079587(8) —0.03075(8) —0.01966(5) —0.03075(8) —0.03075(8) —0.01966(5) —0.03075(8)
Ay =A, 0.00001(6) —0.00644(0) —0.00003(4) 0.00654(6) —0.00644(0) —0.00003(4) 0.00654(6)
A=A 0.00000(0) 0.01581(1) —0.00015(8) —0.01583(1) 0.01581(1) —0.00015(8) —0.01583(1)
A,y 0.079587(8) —0.02332(1) —0.03482(3) —0.02332(1) —0.02332(1) —0.03482(3) —0.02332(1)
A, = A, 0.00000(0) —0.00912(7) 0.01819(0) —0.00895(6) —0.00912(7) 0.01819(0) —0.00895(6)
A —0.15915(6) 0.05448(0) 0.05448(9) 0.05448(9) 0.05448(0) 0.05448(9) 0.05448(9)
increase in |AK| below 30 K indicates the onset of tilting  ,ctions Adip, cal = 271574| A X120 k) — (Ameryy X120 0] ~

of the polarized spins away from the Be and toward the
kagome planes (see Fig. 8). This also confirms the presence
of planar anisotropy. This kind of shift can be present due
to anisotropic Dzyaloshinskii-Moriya interactions [39]. We
discuss the nature of possible in-plane magnetic correlations
in Sec. IV.

From the linear fit we calculated the hyperfine coupling
constant for both orientations. At By = 3.4 T, for the | (L)
orientation, the calculated Apt | (Anf, 1) and Kehem,| (Kchem, 1)
are —0.246 + 0.0028 (—0.171 £ 0.0129) T/up and 0.0065 £
0.0004 (0.0042 £ 0.0005) T/pp. On this basis we conclude
that Ayt is strongly anisotropic.

For a three-dimensional element with an unquenched or-
bital moment, both spin and orbital degrees of freedom will
contribute to Ay, (), 1) and we expect [40]

Ant (1, 1) = Adip(l, L) + Aorb(l, L) T+ Afe(l, L)- (6)

Here Agip, Aoy, and Ay represent the contributions from dipo-
lar, orbital, and Fermi contact interactions between Fe and
Sn, respectively. Since the Fermi contact term is isotropic
in nature we can assume that the anisotropic nature of
Fe4Si,Sn70¢ is due to dipolar and orbital interactions.

In the paramagnetic state, we can assume uniform mag-
netic moments for Fe as M = [M,, M,, M.]. We calculated
Agip matrix elements A; ; (i, j = x,y, z) for all seven Sn sites
as shown in Fig. 1(b) (Table I). We performed summation of
dipolar contributions over all Fe moments in a sphere centered
on the corresponding Sn. The radius of the sphere is large
enough (30 times the lattice constant a) such that all the matrix
elements are saturated. Since the major signal contribution
is from Sn2 sites, we focus our analysis on the Sn2 dipolar
matrix elements.

The calculated diagonal elements A, and A,, for all Sn2
sites have similar values, in contrast to the corresponding A,,
values. The difference in the values of A, and A,, and signifi-
cant values of off-diagonal elements will lead to a broadening
of the spectrum in the || orientation. For 54 MHz at 120 K
this broadening is calculated to be ~0.002(2) T, which is
smaller compared to the observed width (see Fig. 6). We
attribute the additional broadening to a small angular distribu-
tion of the oriented polycrystalline sample. Since for all Sn2,
A, = 0.054 48(0), we expect a sharp line in the _L orientation.

In the unoriented sample spectra, the broadening is due to
the anisotropic interactions in the system. For 54 MHz we
can estimate the line width due to anisotropic dipolar inter-

0.009 98 T, which deviates from the experimentally observed
line width, Ay, ~ 0.014 T at 120 K, by ~28% (Fig. 6). Since
Ay, 18 isotropic in nature we expect that the additional broaden-
ing is due to the anisotropy of Ao, and Kepem. Since Acpem, cal
at 120 K is ~0.0014(2), we expect Aqyp ~ 0.0026(2) T.
This shows the presence of significant spin-orbit coupling in
Fe4Sizsl’17016.

D. Spin-lattice relaxation

In Fig. 9 we show the 1?Sn spin-lattice relaxation rate as
a function of the temperature for oriented samples. These are
measured at the maxima of the central lines (Fig. 6). The ''”Sn
spin-lattice recovery data are well described by the equation

m(t) = m(co)(1 — Ae™ 1), )

where m(t) is the nuclear magnetization at time ¢ after the first
90° pulse, m(oco) is the equilibrium nuclear magnetization,
and 1/T; is the spin-lattice relaxation rate. For the saturation
recovery pulse sequence, ideally A = 1 and a full saturation
of all the spins is achieved (for details see the Supplemental
Material [35]).

In the || orientation, the relaxation rate (1/77)g,, kagome T€-
mains constant for higher temperatures and starts to decrease
significantly below T ~ 30 K for all f = 84, 54, and 42 MHz.
In contrast to (1/77)p,, xagome> (1/71)B.y Lkagome T€EMAINs con-
stant above 7' ~ 3 K. In both orientations, we observe a weak
maximum at T ~ 2.5 K close to the AFM transition due to a
critical slowing-down of AFM fluctuations.

In general, 1/7;, measures the fluctuating hyperfine fields
perpendicular to the applied field described as [41,42]

1 . 5 Imy*(q, onmr)

7 oclimT ;AM@T, ®)
where Aps is the relevant hyperfine form factor and
Imy*(g, onur) represents the q-dependent imaginary part
of the dynamic susceptibility and wnvr = 27 f. We ob-
serve that the peak at 7 ~ 2.5 K is more pronounced for
(1/T1)B. Lkagome and thus also suggest the dominant formation
of correlated spin fluctuations in the kagome planes. Although
at a higher field (84 MHz), the AFM peak is suppressed, the
anisotropic nature above AFM ordering remains qualitatively
similar. This suggests that the anisotropic nature is much more
robust to the magnetic field than the observed maxima in
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FIG. 9. Temperature dependence of 1/7; measured at By =
2.64 T (42 MHz), 3.4 T (54 MHz), and 5.28 T (84 MHz) in (a) the
|| and (b) the L orientation, respectively. For the || orientation, 1/7}
starts to decrease at ~30 K. Insets: In both orientations for By =
2.64 and 3.4 T a small peak is observed around 2-3 K, related to
the slowing-down of spin fluctuations near the AFM transition. This
peak is enhanced in the L orientation. (c) Temperature dependence
of the ratio (1/71);/(1/T1).. All dashed lines are guides for the eye.

at T ~ 2.5 K. In the paramagnetic state (T > 30 K) we can
assume that Imxl(q, wNMR) 18 isotropic and expect 1/7T
A% | (). From the calculated dipolar Agi, components, the
estimated ratio (1/T1);/(1/T1)L ~ 2.5 matches the experi-
mental observations quite well (Fig. 9).

For a fixed temperature, from Eq. (8), we can write 1/7}
2 Aﬁf’l(q)miw(q+““). At a high temperature, T ~ 75 K,
we observe that f‘g)r both orientations, 1/7; increases with the
applied field. For the || orientation, we estimated, Aps(q =
O, WNMR = CUNMR) ~ —0.233 + 0002, —0.246 £+ 0002, and
—0.245 +0.008 T/up for By =5.28, 3.4, and 2.64 T, re-
spectively. Assuming Ape(q, onmr) X Aps(g = 0, onmr), the
increase in 1/77 with increasing By suggests that Imy
increases more than linearly with respect to wnvr. This ob-
servation is in contrast to the K-jarosite AFM kagome system,
in which 1/7; shows frequency-independent behavior in the
paramagnetic state. A possible reason for this behavior of
Fe4Si,Sn;01¢ could be its low value of ® oxJ ~ —12 K,
compared to ® ~ —800 K in K-jarosite [21,35]. The low J
value of Fey,Si;Sny0;¢ implies that a By of the order of ~T
is sufficient to change its dynamical properties such that Imy
increases with increasing By.

Below 30 K (1/T;); starts to decrease while (1/77), re-
mains constant. This suggests that the hyperfine fluctuations
in the z direction start to decrease. From both K and 1/T;
measurements we can conclude that magnetic correlations in
the kagome plane start to build up below 7" ~ 30 K.

IV. DISCUSSION

In Fe4Si,Sn;0;6 below the AFM ordering temperature
Ty ~ 3 K, only 2/3 of the total Fe>* moments order, while
the other 1/3 of the Fe>* moments remain disordered down to
at least 0.1 K [15]. Further, the observed propagation vector
is q = (0, 1/2, 1/2), which breaks the hexagonal symmetry
of the crystal [15]. In the work by Ling et al. [15], the ex-
periments were performed on an unoriented sample and the
presence of planar anisotropy was extracted from a Rietveld
refinement of the neutron powder diffraction pattern. In the
present work, we proved the presence of planar anisotropy in
NMR experiments on oriented and unoriented samples. Addi-
tionally, both K and 1/T; results show the onset of correlations
below 30 K.

For the L orientation, the NMR shift does not follow a
linear relation with x below 30 K [see Fig. 8(b)]. One pos-
sible explanation for this behavior is that the polarized spin
moments along the z axis start to tilt into the kagome planes,
inducing spin moment components in the kagome planes. To
understand the nature of this tilting and the underlying mag-
netic correlations in the temperature range 3 K <7 < 30 K,

FIG. 10. q = (0, 0, 0) magnetic ordering with (a) positive and (b) negative chirality. J;, J,, and J; show interactions between NN and
corresponding further NN interactions, respectively. (¢) q = (0, 1/2, 0) magnetic structure, which is similar to the magnetic structure for
Fe,Si,Sn;0y¢ proposed by Ling et al. [15], with 2/3 ordered moments and 1/3 disordered moments without AFM ordering along the z axis.
Magnetic atoms are shown as blue spheres and arrows represent the magnetic spin on the corresponding atom. Magnetic atoms with disordered
moments are represented without a spin vector.
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TABLE II. Calculated dipolar field components along the x, y, and z axes. The field is due to Fe*™ dipole moments at the Sn sites in T/

and for the three considered magnetic correlations discussed in the text.

Magnetic correlation

I [Fig. 10(a)]

I [Fig. 10(b)]

I [Fig. 10(c)]

Sn X y Z X y b4 X y Z
Snl_1 —0.000(0) —0.172(6) 0.000(0) 0.000(0) —0.000(0) —0.000(0) 0.000(0) —0.000(0) 0.000(0)
Sn2_1 0.007(1) —0.012(2) 0.017(7) —0.020(2) —0.011(7) 0.018(1) 0.004(7) 0.007(9) —0.006(7)
Sn2_2 0.000(1) 0.007(2) 0.018(2) 0.000(3) —0.023(4) —0.036(3) 0.005(8) 0.003(4) 0.002(5)
Sn2_3 —0.007(1) —0.011(9) 0.018(2) 0.020(1) —0.012(2) 0.018(0) —0.002(8) —0.003(5) 0.0131(9)
Sn2_4 0.007(1) —0.012(1) 0.017(7) —0.020(2) —0.011(6) 0.018(1) 0.004(7) 0.007(9) —0.006(7)
Sn2_5 —0.007(1) —0.011(9) 0.018(1) —0.020(1) —0.012(0) —0.018(0) —0.002(8) —0.003(5) 0.0131(0)
Sn2_6 0.000(2) 0.000(8) 0.018(2) 0.000(4) 0.023(5) —0.036(3) 0.005(8) 0.003(3) 0.002(6)

we performed dipolar field calculations for three magnetic
correlations in the kagome plane. Within our experimental
temperature range, no line splitting is observed in the NMR
spectrum. Therefore, we considered three magnetic correla-
tions which would not lead to any such splitting. The first
two of these correspond to 120°-type q = 0 magnetic struc-
tures with positive and negative vector chiralities [Figs. 10(a)
and 10(b)] [21]. The third considered magnetic correlation is
shown in Fig. 10(c) and is similar to the magnetic structure as
predicted by Ling et al. [15] without AFM correlations along
the z axis [i.e., q = (0, 1/2, 0)].

The results of dipole field calculations for three con-
sidered magnetic correlations are listed in Table II. Recall
that in the L orientation, for all Sn2 the calculated A,, =
—0.05448(0) T/uup (see Table I). Further, below 30 K, K
for the L orientation starts to become less negative. From
this we expect that the magnetic correlations will induce a
positive z component of the internal field. Additionally, a clear
indication of peak splitting is not observed. Only for case
I is a consistent and homogeneous positive value of the z
component found for all Sn2 sites. For cases II and III, the
calculated negative values of the z components (II) for some
Sn2 sites will result in a splitting and/or broadening of the
peak which is not observed in the NMR spectrum. Therefore,
among the considered magnetic correlations, our calculations
suggest that positive chiral magnetic correlations start to build
up below 30 K [see Fig. 10(a)].

From our bulk magnetization and NMR measurements on
oriented powder, we cannot distinguish between global easy-
plane anisotropy and the presence of multiple local Ising axes
in the kagome planes (as in the kagome spin-ice model, where
the local Ising axis points towards the line joining the center of
two triangles [18]). In kagome spin ice, frustration arises due
to Ising anisotropy combined with NN ferromagnetic interac-
tions [43,44]. For this model with additional NNN interactions
(J2), Wills et al. [18] predicted partially ordered magnetic
states for both ferromagnetic (J, > 0) and AFM (J; < 0)
cases. While for Fe4Si,Sn;0,¢ all the calculated ®cw values
are AFM, the possibility of a kagome spin-ice model cannot
be ignored because the Fel sites in the kagome planes are not
perfectly octahedrally coordinated by the surrounding O1 and
03 sites [35]. Additionally, since a Sn ion is present at the
center of each kagome ring, the diagonal exchange term J;

[see Fig. 10(a)] can also be relevant to the observed partially
ordered ground state of FesSi,Sn7016.

V. CONCLUSIONS

In this work, we present ZFC magnetic susceptibility
and NMR measurements on unoriented and oriented powder
samples of Fe;Si;Sn;0,6. For both orientations, anisotropic
behavior prevails at least up to By =5 T. The detailed
Curie-Weiss law analysis in the || (L) orientation shows
Mesr pert ~ 3.25up (5.15up) > epin = 4.9up, therefore sig-
nificant spin-orbit coupling is present. All the estimated
Ocw’s are negative, indicating that AFM interactions are
dominant.

In NMR measurements, we show the presence of planar
magnetic anisotropy in Fe4Si,Sn;0;¢. Both K and 1/T; are
highly anisotropic. While in the || orientation the Clogston-
Jaccario plots exhibits a linear relationship between K and yx
down to 4 K, in the L orientation it starts to deviate below
30 K. This deviation increases as the temperature is lowered.
We associate this with a tilting of polarized z moments to-
wards the kagome plane. Our dipolar analysis suggests that
magnetic correlations with positive vector chirality start to
develop below 30 K. These correlations are also observed in
1/T, measurements, as (1/7;); starts to decrease below 30 K.
At lower temperatures, peaks associated with the slowing-
down of spin fluctuations are observed for both orientations.
This peak is more pronounced in the L orientation and thus
further demonstrates the dominance of AFM interactions in
the kagome planes.
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