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Single crystal neutron diffraction, inelastic neutron scattering, bulk magnetization measurements, and first-
principles calculations are used to investigate the magnetic properties of the honeycomb lattice ThalrzGag.
While the R1In2 magnetic contribution to the low-temperature entropy indicates a Jeg = 1/2 moment for
the lowest-energy crystal-field doublet, the Tb®" ions form a canted antiferromagnetic structure below 12.5 K.
Due to the Dzyaloshinskii-Moriya interactions, the Tb moments in the ab plane are slightly canted towards
b by 6° with a canted moment of 1.22 up per formula unit. A minimal zzz spin Hamiltonian is used to
simultaneously fit the spin-wave frequencies along the high symmetry directions and the field dependence of
the magnetization along the three crystallographic axes. Long-range magnetic interactions for both in-plane
and out-of-plane couplings up to the second nearest neighbors are needed to account for the observed static and
dynamic properties. The z component of the exchange interactions between Tb moments are larger than the x
and y components. This compound also exhibits bond-dependent exchange with negligible nearest exchange
coupling between moments parallel and perpendicular to the 4 f orbitals. Despite the Jeg = 1/2 moments, the
spin Hamiltonian is denominated by a large in-plane anisotropy K. ~ —1 meV. DFT calculations confirm the

antiferromagnetic ground state and the substantial inter-plane coupling at larger Tb-Tb distances.

PACS numbers: 75.30.Ds, 61.12.Ld, 71.15.Mb

I. INTRODUCTION

Materials that support a quantum spin liquid (SL) state
are of great interest in condensed-matter physics. On the
honeycomb lattice, it is well known that the Kitaev model
produces various two-dimensional topological SL states'.
Bond-directional anisotropic exchange on a honeycomb lat-
tice frustrates simple collinear magnetic order'* in 4d and 5d
transition-metal candidates such as a-RuCls>® and AsIrO;
(A =Li, Na)*"8, where strong spin-orbit coupling (SOC) pro-
duces Jog = 1/2 moments. These systems underscore the
recent interest in the honeycomb structural motif.

Decorating the honeycomb lattice with rare-earth ions of-
fers an alternative to 4d- and 5d-based materials. For exam-
ple, YbMgGaOy, YbCls, and TbInOg3 are proposed quantum
SL candidates®'? with J.g = 1 /2. Recent theoretical treat-
ments of SOC entanglement in rare-earth honeycomb magnets
motivates further exploration of similar systems'314.

A nearly ideal honeycomb lattice of rare-earth ions occurs
in the family RoT3Xg, where R is a rare-earth element, T is
a transition-metal element, and X is a p-block element. Occu-
pying a large composition space, this family hosts a rich vari-
ety of electronic properties including complex magnetic order
for Dy-based compounds'>, mixed valence in Yb/Ce-based
compounds'®'® and Kondo-lattice behavior for the Yb-based
compounds'®2,

With an orthorhombic crystal structure of the YoCosGag
type?!=2* (space group No. 63, Cmecm), TholrsGag (TIG)
contains alternating IrGas (A) and ThoGas (B) layers.
Along c, these layers stack to forman A — B — A’ — B’
sequence, where layers A’ and B’ result from a mirror-plane

operation on layers A and B. The magnetic Tb atoms form a
slightly distorted honeycomb network, with two short Tb-Tb
bonds of 4.28 A along a and four longer bonds of 4.38 A ro-
tated approximately +60° away from a [Fig. 1].

The crystal field splits the 13-fold degenerate, L. = 3,
S = 3, and J = 6 levels of Tb*" into a low-lying non-
Kramers doublet?®? and 11 higher levels. Due to the interac-
tions between ions, this non-Kramers doublet hybridizes with
a higher-energy doublet. Since the resulting hybridized dou-
blet has nonzero matrix elements of .J;, and .J;+ with respect
to the Ising axis, the magnetic Tb3* moments can be treated
as Jog = 1/2 moments.

Hexagon-shaped single crystals of TIG, with typical size of
a few millimeters (mm) on the edge and 1-2 mm in thickness,
were grown using a Ga-flux method?®. The magnetization was
measured using a Quantum Design SQUID. Neutron diffrac-
tion was performed on the HB1A triple axis spectrometer at
the High Flux Isotope Reactor (HFIR) and on the CORELLI
and TOPAZ diffractometers at the Spallation Neutron Source,
all at ORNL. Diffraction studies were made on a naturally
cleaved single crystal with dimensions 2 x 2 x 1 mm?®. Sam-
ple temperature 7' was controlled using the orange cryostat
at HB1A, closed-cycle refrigerator (CCR) at CORELLI, and
Cryomech P415 pulse tube cryocooler at TOPAZ.

Inelastic neutron scattering (INS) studies were performed
on the HB1 and HB3 triple axis spectrometers at the HFIR. A
sample assembly of 36 single crystals (total mass ~ 3.4 gram,
mosaicity ~ 1.5°) was aligned in the (H,0, L) scattering
plane to probe magnetic excitations in the basal plane and be-
tween layers. Due to the weak orthorhombic distortion, no at-
tempt was made to align the pseudo-hexagonal crystals along
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FIG. 1: (a) The crystal structure of TIG projected onto the ac plane.
The structure is composed of stacked (AB)2 layers, where A is a
buckled IrGas layer (Ir atoms form a triangle lattice) and B is a
TboGag layer (Tb atoms form a pseudo-honeycomb lattice). (b) The
network of Tb ions viewed from the ¢ axis. The black rectangular
box in panels (a)-(b) is the unit cell. (c)-(d) The canted AFM spin
configuration with magnetic space group Cm’em’. Ji, Ja, Js, and
Js are the in-plane exchange interactions with Tb-Tb distances of
4.28,4.38,7.52, and 7.54 A; Ji1, Ji2, Ji3, and Jy4 are the inter-layer
exchange interactions with Tb-Tb distances of 5.36, 5.37, 6.86, and
6.89 A, all at room temperature.

their common orthorhombic axis a. A CCR was used to reg-
ulate the temperature for the INS measurements at HB1 and
HB3.

The absence of a detectable signal from x-ray magnetic
circular dichroism (XMCD) measurements at the Ir L edges
places the upper limit for the Ir moments at 0.01 up?®. In the
same work, the refined neutron powder diffraction pattern in-
dicated that the Tb spin configuration can best be described
as collinear order in the basal plane with easy axis along a,
consistent with the magnetic space group (SG) Cm/cm/. Al-
though canted antiferromagnetic (AFM) order is allowed by
this SG [Figs. 1(c)-1(d)], introducing a ferromagnetic (FM)
component along b did not improve the refinement.

Analysis of the magnetic properties is simplified by the con-
finement of the magnetic moments to the Tb sites?®. Under an
applied field along a, the magnetization M, (H) shows step-
like transitions at 2.5 and 6.5 T. With increasing field along c,
M. (H) exhibits linear response. While the b-axis magneti-
zation My shows similar linear behavior, the hysteresis loop
below 1 T indicates the presence of a FM component.

The nearly Ising character of the Tb moments was demon-
strated by measurements of the critical fields B.; and B2
as the field is rotated by an angle ¢ away from the a axis
within the ab plane. Both B.1(¢) cos ¢ and Bz (¢) cos ¢ are
almost independent of angle ¢ up to about 7/3. Therefore,

the component of the field along the a axis predominantly
controls the magnetic phase transitions?®. Similar results
were found for the Ising-like compounds TbNixGey [27] and
Y;_,Tb,NisGes [28], where the Ni atoms are non-magnetic

because the Stoner criteria is not satisfied®”.

II. NEUTRON DIFFRACTION RESULTS

Although the two-dimensional (2D) spin Hamiltonian em-
ployed in an earlier study®® captured the key characteristics
of the exchange interactions and described the metamagnetic
transitions, the magnetic order derived from neutron pow-
der diffraction is clearly three dimensional (3D). However,
the sizable Dzyaloshinskii-Moriya (DM) interaction that pro-
duces the FM moment along b was not observed in neutron
powder diffraction. To reconcile this inconsistency, a compre-
hensive study of the static spin order and magnetic dynamics
using single crystals was undertaken.
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FIG. 2: (a) The contour plot of the neutron diffraction data in the

(H,0, L) scattering plane collected on CORELLI at 7" = 7 K. (b)
The T-dependence of the (0,0, 2) Bragg peak measured at HB1A.
The solid line is a guide to the eye. (c) Comparison between the
observed and calculated structure factors, Fops and Feaie. The (red)
line is a linear fit to the data points. (d) The 7-dependence of the
L-scan across the (2,0, 0) Bragg point. Inset shows the representa-
tive line-cut along the [0, 0, L] direction at 11, 12, and 13 K, with
prominent short range correlation at 12 K.

We first investigated the static magnetic order at low tem-
perature. Figure 2(a) provides a contour plot of the neutron
diffraction data in the (H, 0, L) scattering plane at 7 K mea-
sured at CORELLI®. Consistent with neutron powder diffrac-
tion, all observed reflections lie at integer indices, indicating
that the magnetic peaks coincide with the nuclear ones and



have a propagation wavevector (0,0, 0). Group theory anal-
ysis indicates that the magnetic representation for the mag-
netic Tb ion located at (0.336, 0.332, 1/4) for SG Cmem
can be decomposed into a summation of 4 one-dimensional
(1D) irreducible representations (IRs) with moment only al-
lowed along the c-axis and 4 two-dimensional IRs with mo-
ment permitted in both the a and b directions [Ref. 26]. Since
the magnetization reveals a prevailing in-plane moment, the
1D IRs with c-axis moment were not used to refine the mag-
netic structure. A mapping of the 3D reciprocal volume at the
CORELLI diffractometer at 7 K yields 393 reflections that
contain both magnetic and nuclear contributions. Simultane-
ously fitting both the crystal and magnetic structures reveals a
canted AFM structure best described by magnetic space group
Cm/cem/. Details are given in Supplemental Materials®!. In
contrast to results of neutron powder diffraction, this single-
crystal study identifies a small FM component along b.

Confirming this FM moment, Fig. 2(b) plots the thermal
evolution of the (0,0, 2) peak collected using a fixed inci-
dent energy at the triple-axis spectrometer HB1A. If canted
order were absent, this purely structural reflection would be
T-independent. Albeit weak, the abrupt enhancement (about
4%) below T confirms the FM component along b. Summa-
rized in Figs. 1(c)-1(d), the Tb moments form a predominantly
AFM state along a canted by 6.7(3)° towards b. At 7 K, the
ordered moment along a is 17.8(4) pup per formula unit (f.u.),
in excellent agreement with magnetization measurements.

Since the Tb atoms form an orthorhombic rather than a true
honeycomb lattice, the collected single crystal diffraction data
comprise three unevenly populated structural and magnetic
domains. The refinement on a single piece of the crystal yields
a domain volume fraction ratio of 11:77:12. These three do-
mains are described by rotation matrices: the first corresponds
to the crystal orientation matrix and the other two are given by
rotations of +60° about c. The coexistence of those twinned
domains explains the strong magnetic Bragg reflections like
(2,0,L = 2n). An independent measurement at the TOPAZ
diffractometer on the same single crystal at 9.6 K (closer to
the transition) confirms the refinement results for the canted
spin configuration.

Notably, the single-crystal study indicates significant mag-
netic correlation between honeycomb layers just above Ty,
as shown by the T-dependence of the L-scan across (2,0, L)
[Fig. 2(d)]. A more detailed characterization of the spin-spin
correlation is given by the (H,0, L) slice in Fig. 3(a), which
shows the 7" = 12.5 K data after the 75 K data is subtracted
as background. Short-range spin fluctuations along [0, 0, L]
are prominent at H = —8,—4,—2,2,4 and 8. The 1D line
cut at H = 2 with AH = £0.2 shown in Fig. 3(b) can be
fit as the summation of multiple Lorentzian profiles peaked
at L = 2n on top of a broad Lorentzian background. The
half-width/half-maximum (HWHM) of these profiles ranges
from 0.60 to 0.98 reciprocal lattice unit (rlu), corresponding
to a magnetic correlation length from 9.6 to 15.8 A, which is
longer than the nearest neighbor Tb-Tb distances (~ 5.4 A)
between honeycomb layers. Whereas the magnetic diffuse
scattering in pure 2D systems should exhibit featureless fluc-
tuations between the layers, the observed multiple peaks in-
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FIG. 3: (a) Contour plot of the neutron diffraction data in the
(H,0, L) scattering plane. A rod-like feature along [0, 0, L] indi-
cates the short-range magnetic correlations along the c axis. (b) For
the line cut along [2,0, L], Lorentizan profiles appear at even in-
dices. (c) Monte-Carlo simulation of the magnetic diffuse scattering
just above the transition using the magnetic exchange parameters in
Tab. II. (d) The corresponding line cut along [2, 0, L].

dicate considerable 3D magnetic correlations along c¢ and are
consistent with the spin dynamics analysis presented below.

III. INELASTIC NEUTRON SCATTERING STUDY

Figures 3(a)-3(c) show the spin wave spectra measured
at base temperature along three high symmetry directions
[€,0,3], [17,0,4 — 7], and [0,0, L]. The data are obtained
through energy scan at fixed momentum-transfer with energy
step of AE = 0.25 meV. A Gaussian profile is used to obtain
the peak position of the individual scan. The spin excitations
clearly exhibit momentum dependence in all plots indicating
the exchange interactions are three dimensional.

An earlier description®® of TIG was based on a model with
anisotropic exchange along the bond direction R; — R ; be-
tween Tb3* ions in each layer. That model provided an excel-
lent description of the magnetization data. However, as dis-
cussed further below, it does not provide an adequate descrip-
tion of the spin dynamics. Therefore, we now study TIG us-
ing an xxz model, which has been previously used to describe
other layered honeycomb systems*?~* and has also been pro-
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FIG. 4: SW dispersion spectra of TholrsGag along (a) [&,0, 3], (b) [n,0,4 — 1], and (c) [0, 0, L]. The corresponding calculated spectra are
shown in panels (d)-(f). Individual scans at constant moment transfer are measured from E=1 to 7 meV with step of 0.25 meV. The solid circles
in panel 4(a)-4(c) specify the measured momentum transfer. Insets show the schematics of the scan directions in the (H, 0, L) scattering plane.
In untwinned samples, only red dots are allowed Bragg reflections (H, L = 2n), the blue dots represent the observed Bragg peaks contributed
from twinned domains, as shown in Figure 2(a). The dispersion-like feature for energy transfer below 3 meV in panel (a) arises from the tail
of the resolution function sweeping through the neighboring Bragg peak in the focusing geometry.

posed for rare-earth compounds®. The Hamiltonian is given
by

1 . 1 B
Ho=—3 Z T {SizSsw + SuSju} = 3 Z JZ Siz Sj.
2,7 i.j
1 @ 1 B
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which replaces the total angular momentum J; of Tb3+ by an
effective spin S; at site <. Exchanges .J,, act between spins
within each ab plane and exchanges .J;,, act between spins on
neighboring planes [Figs. 1(c)-(d)]. Each exchange interac-
tion contains an xy part Jf]y that couples the x and y com-
ponents of the spin and a z part J;; that couples the z spin
components.

Although single-ion anisotropy is expected to vanish within
the Jog = 1/2, “pseudo”-doublet state of Tb3+ [24,25], easy-
plane and easy-axis anisotropies K , and K, confine the spins
in the basal plane and align them along a. These single-ion
anisotropy terms will be further discussed in the conclusion.

While the nominal g-factor for S = L = 3 and J = 6
moments is g = 3/2, we treat the diagonal components g,

Jyy» and g of the g-tensor as fitting parameters. Initial fitting
results indicated that the nearest-neighbor interactions (both
zy and z components) J; and J;; can be set to zero. The z
components of J3, Jy, and J;4 are small and neglected. It is
permissible to take J3¥ = J;¥, which is expected from the
nearly identical distances 7.52 and 7.54 A spanned by those
interactions.

The DM interaction D;; = Dc is allowed by the broken
inversion symmetry caused by the alternation of the Ir** ions
on either side of the Tb-Tb bond moving around a hexagon
in the honeycomb lattice. This DM interaction couples both
nearest-neighbor spins 1 and 2 or 3 and 4 separated by 4.28 A,
and next-nearest neighbor spins 1 and 3 or 2 and 4 separated
by 4.38 A. Whereas D cants the spins away from the a axis,
the exchange interactions and the easy-axis anisotropy K, fa-
vor a collinear state. Minimizing the total energy, the canting
angle is given by

1 3D
= =tan"" )
g M {J1+2J2+2J11+2Jl4—KI} 2)

Since My = 2g,ypupSsind ~ 1.22 up is the canted mo-
ment/f.u. along b observed by magnetization measurements
[Fig. 5(b)], Eq.(2) fixes D in terms of the other model parame-
ters and M. Hence, the total of fitting parameters is 13 [Table
I].

Even though neutron diffraction measurement on one single
crystal revealed an uneven distribution of domains, we made



no effort to align the orthorhombic axes of the 36 small crys-
tals. Due to the large number of single crystals, we expect
an equal fraction of those crystals to have their orthorhom-
bic axes along (1,0,0), (1/2,1/3/2,0), and (—1/2,/3/2,0)
for domains 1, 2, and 3, respectively. This is confirmed by
least square fit of the corresponding domain contributions to
the magnetic peak intensities. For scans along (H, K, L) with
K = 0, domains 2 and 3 have the same set of SW branches
but domain 1 has a different set.

The SW dynamics at zero field is evaluated by taking sites
1 and 4 (5 and 8) and sites 2 and 3 (6 and 7) on layer 1 (2) to
be identical. Since the magnetic unit cell contains 4 distinct
spins, each domain produces 4 SW modes. For scans along
(£,0,3) and (,0,4 — 1), our model predicts 8 SW branches.
For the scan along (0,0, L), each domain produces the same
spectra and our model predicts 4 SW branches.

However, Figs. 4(a-c) reveal a single wide SW branch for
each scan. To compare the calculated and measured SW fre-
quencies, we perform a weighted average over the calculated
frequencies at each wavevector:

>, wn(a)Sn(q)

Sl ®

Wav (q) -

where the weight S,,(q) is obtained from the spin-spin corre-
lation function S,5(q,w) using

daq
S(q,&]) = {604[5_ qQﬁ }Saﬁ(qaw)

> Su(@) 6w — wa(a)). )

To order 1/S in the Holstein-Primakoff expansion’, each

mode produces a delta function 0(w — w,(q)) with weight
Sn(Q)-

Our original fits based solely on the weighted SW frequen-
cies produced a wide spread in SW intensities that was incon-
sistent with the measurements. Therefore, we constrained the
observed spread in frequencies to be greater than or equal to
the calculated spread 2Aw(q), where

s 2on(wn(@) — war(q))?Sn(q)
Awla) = > 5n(@) |

&)

The cost function in X7 used an experimental uncertainty in
the peak SW frequencies of o,, = 0.25meV for both instru-
ments HB1 and HB3.

To evaluate the magnetic anag, we used an experimental
uncertainty in the magnetization of +6% for field above B,
along a and for all fields along b and c. The calculated critical
fields B¢ and B,y along a were constrained to agree with the
measured critical fields. In addition, B, (¢) cos ¢ was con-
strained to be nearly independent of the angle ¢ between the
applied field and the a axis within the ab plane up to ¢ = 7/3.
The 13 fitting parameters were then determined by minimiz-

ing X2 = X1211ag + XI2NS'

TABLE I: The in-plane and out-of-plane exchange interaction pa-
rameters J; and Jj;, easy-axis and easy-plane anisotropies K, and
K. and DM exchange interaction D, units in meV. Values in paren-
theses are the one standard deviation.

parameter value
Ty z
Ji 0 0
Jo —0.016(2) —0.05(2)
J3 =4 0.007(1) 0
Jui 0 0
Ji2 —0.027(2) 0.09(2)
Ji3 0.014(6) —0.16(6)
Jia —0.014(2) 0
K, 0.09(1)
K. —0.84(6)
D —0.0066
Gax 1.38(1)
Jyy 1.51(3)
Gzz 1.59(6)

IV. FITTING RESULTS

To compute the spectra, the delta-function intensities
Sn(q)d(w — wy(q)) were convoluted over a Lorentzian with
width v = 0.5meV, which is close to the instrumental res-
olution for both HB1 and HB3, and then multiplied by the
square of the magnetic form factor f(q) for Tb>*. Results
for the calculated magnetization and inelastic intensities are
plotted in Figs. 4(d)-(f) and in Figs. 5(a)-(c). These results are
quite satisfactory with a few reservations. First, the calculated
intensity along [¢,0, 3] is fairly large up to £ = 3 while the
observed intensity drops off rapidly above & = 2. Second, the
calculated intensity along [0, 0, L] peaks to the left of L = 3
while the observed intensity peaks to the right. Third, the cal-
culated magnetization is slightly too small for fields along b
and c in Figs. 5(b) and (c). By contrast, the calculated magne-
tization for field along a in Fig. 5(a) is slightly too large in the
plateau between 2.5 and 6.5 T.

The microscopic parameters that minimize the total y? are
given in Table I. The resulting g-tensor parameters have an
average value gay = (gaoz + Jyy +g..)/3 of 1.50(3), overlap-
ping with the nominal J = 6 value of g = 1.5. This result is
consistent with measurements?® of the Curie-Weiss suscepti-
bility, which gives an effective moment of 10.3 up/Tb, close
to the free ion value of 9.7 ug/Tb when g = 1.5.

By far the largest energy among the fitting parameters is
the easy-plane anisotropy K, ~ —0.83meV. A rough esti-
mate for K, can be obtained from the observed magnetiza-
tion when a field is applied along c. Neglecting the exchange
interactions, the energy per spin is given by

E=K.S?cos’0 — uggHSsin6, (6)

where 6 is the canting angle of the spin towards c¢. Minimizing
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FIG. 5: Magnetization M (H ) with field applied along the three crys-
tallographic axes up to 7 T at 1.8 K. Open symbols are experimental
data; solid lines are the best fits described in the text. The spin con-
figurations in three distinct region with field B || a are sketched in
panel (a).

this energy with respect to 6 gives a magnetization per f.u. of

2 .2
H

M, =2g.,.ugSsinf = .
| K|

Using the experimental result M, = 0.94 up/f.u. at 7T (cor-
responding to a tilt angle of # = 3.1°) and the value g, =
1.59 from Table I, we find K, ~ —0.98meV (a value of
—0.88meV was found in Ref.[26]). Thus, a large value of
K, is required to explain the small magnetization when a field
is applied along c. For bulk Tb in a hexagonal close-packed
structure, Rhyne et al.3” reported a tilt angle of 8.6° ina 7T
field, corresponding to K, ~ —0.32meV, less than half the
size of the one reported here. A similar analysis based on the
change in magnetization of 6.2 up/f.u. in a 7T field along b
yields K, ~ 0.13meV, which is larger than our fitting re-
sult 0.09 meV because the zy exchange energy also strongly
favors an AFM state.

Another remarkable feature of these results is that the z
exchange couplings are substantially larger than the zy cou-
plings. To gain further insight, we minimized xﬁjag without
any dynamical contribution with respect to the same five zy
exchange parameters and two anisotropies: J;¥ = —0.014,
J3¥ =0.007, Jy = —0.027, J3 = 0.014, J}¥ = —0.016,
K, = 0.08, and K, = —0.84, all in meV. This static fit also
gives g, = 1.39,and g,y = g.. = 1.49. While Xfwg slightly
decreases from 0.30 for the xxz model with dynamical input
to 0.29 for the zz model without dynamical input, the result-
ing xy exchange parameters are close to those obtained in Ta-
ble I from fitting the full x* = x2,.., + X{xs- Hence, the z
exchange couplings are not required to explain the magneti-
zation measurements.

The earlier model in Ref. [26] used eight parameters to ex-

plain the magnetization, fixing ¢ = 1.5 but adding hexago-
nal anisotropy. By comparison, the model described above
uses ten parameters, including g, but neglecting hexagonal
anisotropy. In both models, the exchange between spins 1
and 3 or 2 and 4 along a side of the hexagon is greater than
the exchange between spins 1 and 2 or 3 and 4 along the top
or bottom of the hexagon. Hence, bond-dependent exchange
is required to understand the magnetization measurements of
TIG.

Assuming now that the exchange interactions are isotropic
(J; = J7), minimizing the total x> with respect to all eight
exchange parameters gives x2 = 0.65, which is greater than
the value 0.33 obtained using the anisotropic parameters in
Table I. Hence, the five large z exchange components in Table
I are required to explain the inelastic measurements. Using
a fitting technique that constrains the frequency width of the
inelastic spectra, we believe that our model contains the mini-
mum number of parameters that can adequately describe TIG.

The fitting result g, = 1.38(1) gives the saturation magne-
tization 16.5(2) up/f.u. and the ordered moment of 8.3(1) up
for field along a. For comparison, the ordered moment
8.9(2) up obtained from neutron diffraction measurements
gives g = 1.48(3).

Using the parameters in Table I, we have also evaluated the
predicted spectra at the two plateaus of the magnetization for
regions II and III in Fig. 5(a). It should be easy to observe the
changes in the inelastic spectra compared to the specta at zero
field. The predicted spectra for a 7 T field along a (for domain
1 only) in region III is shown in Fig.2 of the supplementary
material’!.

As an additional check on our results, we compare the
observed?® transition temperature of 12.5K with the mean-
field (MF) Néel temperature evaluated for Ising spins:

S(S+1
T = z|Jzy|%, 8)
where
2uy = 2J5Y — 4T3V — 2TV 4 2(JEY — T
= I+ ). )

Since zJyy ~ —0.074meV, T =12.0K is close to the
observed transition temperature of 12.5 K.

Finally, the xzz spin Hamiltonian and the corresponding
exchange parameters are checked by calculating the diffuse
scattering near the transition. A magnetic super cell is con-
structed containing 8 x 8 x 8 chemical unit cells with 4096
Tb ions (8 atoms per chemical unit cell). Using the parameter
values in Tab. II, a forward cluster Monte-Carlo simulation3®
is performed just above the transition temperature of 7' =
12.5 K starting with the initial ground state configuration. Af-
ter 1000 Monte-Carlo cycles (on average, one cycle visits each
of the 4096 atoms once), the diffuse scattering pattern is calcu-
lated including the contributions of each of the three domains.

The resulting diffuse scattering pattern reveals significant
3D spin correlations.  Figs. 3(c)-(d) show the calculated
diffraction pattern in the (H, 0, L) plane and the line cut along
the [0,0, L]. The agreement between experiment and theory



is excellent: strong streak-like diffuse scattering appears at
H = 2,4,8 but is weak at I = 6 and the profile along
(0,0, L) has the same intensity distribution as in the exper-
iment. The peaks that appear at even L are caused by the
4+60° domains while the peaks at odd L are caused by the 0°
domain. Remarkably, the Monte-Carlo simulation gives the
correct ground state up to the transition temperature.

Monte-Carlo simulations also indicate that competing
ground states lie close in energy to the state in Figs. 1(c) and
(d) due to the sizeable AF exchange J;; ~ —0.027meV be-
tween parallel spins. This suggests that doping or pressure
might produce a complex phase diagram.

V. FIRST-PRINCIPLES CALCULATIONS

To connect TIG’s rather complex physical structure to its
observed magnetism, we performed first-principles calcula-
tions using the linearized augmented plane-wave density func-
tional theory code WIEN2K?°, We employed two standard ap-
proximations: the generalized gradient approximation (GGA)
and the correlated version of this approach known as GGA+U,
in which a Hubbard U (here chosen as 6eV) is applied to
the Tb 4f orbitals. To account for potential magnetoelas-
tic effects***3, the experimental structure** of similar com-
pounds was optimized within the GGA in an assumed FM
Tb configuration. Muffin-tin radii of 2.17, 2.4 and 2.5 Bohr
were chosen, respectively, for the Ga, Ir and Tb atoms. Cor-
responding to the product of the smallest muffin-tin radius
and the largest plane-wave expansion wavevector, RK,,, 4, was
set to 8.0. Given the rather detailed exposition in the previ-
ous work?®, we have focused on the interlayer exchange cou-
plings.

Four magnetic states were studied - the previously men-
tioned FM configuration and three AFM configurations. AF;
has the 3 Tb-Tb planar neighbors anti-aligned and the next-
nearest and next-next-nearest neighbor planes FM and AFM
coupled, respectively; AF, has the same planar orientation but
next-nearest and next-next-nearest planes AFM and FM cou-
pled; and AFj3 is an interlayer AF state with planar neighbors
aligned and next-nearest neighbor Tb planes antialigned. In
all cases, the same distorted honeycomb structure with lattice
parameters taken from experiment was assumed. The possible
ground states given above correspond to a substantially sim-
plified set of configurations compared with the canted state
obtained from the neutron diffraction results, which is clos-
est to AFs. Nevertheless, it captures important aspects of the
relevant physics.

For simplicity, our calculations do not include SOC and so
neglect the Tb orbital moments. Using GGA+U, all magnetic
states have a substantial Tb spin moment of 6.06 15, slightly
larger than the spin moment of 5.83 up obtained using the
straight GGA and in good agreement with previous work?.
Within the GGA+U, AF; has the lowest energy, AF; and AF3
lie 13 and 16 meV per Tb higher, respectively, and the FM
state lies 43 meV per Tb higher.

These energy differences were mapped onto a simple
Heisenberg model including one intralayer nearest-neighbor

coupling J() and two next-nearest-neighbor and next-next-
nearest-neighbor interlayer couplings J) and J®). Us-
ing S(S +1) = 42, we find JV = —0.22meV, J® =
—0.02meV, and J® = —0.18 meV - all AFM. Notice that
the next-next-nearest-neighbor coupling J) is not substan-
tially smaller than the nearest-neighbor coupling .J(!) despite
the larger distances spanned by J®) (5.37A) relative to the
distances spanned by the .J(1) interactions (4.28 and 4.38 A).
One may directly compare the result for J(!) to that for J3"
and results for J(2) and J) to those for J};¥ and .J;3” in Table
L.

Although the distances 5.36 and 5.37 A spanned by J(?
and J3) differ by just 0.01 A, those interactions are sub-
stantially different within GGA+U. In agreement with the
GGA+U calculation, INS fits find that |.J}Y| < [J}5’|. We
ascribe the different magnitudes of those exchange couplings
obtained from GGA+U and INS to the well-known difficul-
ties experienced by density-functional theory in quantitatively
describing 4 f physics. In any case, we reproduce both the
right general size of these interactions and their surprising,
yet experimentally validated, slow fall-off with distance.

L s
12 10 8 6 4 -2 0 2 4 6 8

FIG. 6: The calculated density-of-states of TboIrsGag in the AF;
phase.

The calculated ground state density-of-states of TIG in
Fig. 6 indicates the highly localized character of the Tb 4 f
states along with the more delocalized character of Ir and Ga.
As in previous work?®, the density-of-states is relatively low
at the Fermi level, displays a weak gap just above, and then
exhibits peaks associated with the unoccupied Tb 4 f orbitals.
The GGA+U approach properly displaces the Tb 4 f states
above and below the Fermi level.

With multiple Ga atoms between the Tb planes, TIG con-
tains several possible indirect exchange or super-exchange
pathways. Indeed, recent work*>#® for 3d compounds finds
that such pathways can produce large exchange interactions
even at distances substantially exceeding 5 A. Despite the typ-
ical localization of 4 f moments, it is possible that the combi-
nation of Tb and Ga produces a similar effect.



VI. DISCUSSION AND CONCLUSION

It is well-known that the charge distribution of the Tb3*
f-orbital is highly anisotropic*’. In our numerical fits to the
inelastic spectra, both first-neighbor interactions J; and Jj;
within each layer or between layers are negligible. While .J;
couples sites with R = R; — R along a (R = 4.28 A), Jn
couples sites with R -a = 0 (R = 5.33 A). This suggests that
for small R, the exchange couplings satisfy

J(R)

Ji' ~ RA

{(Rl- ~R;)-a(R;—R,)- b}2. (10)

Since the Tb3* orbitals are aligned along a, the exchange cou-
plings both parallel and perpendicular to the axis of the f-
orbitals are negligible. An exception to this conjecture is the
exchange interaction J;}Y (R = 7.53 A). Because this inter-
action span larger distances than J; and Ji;, it may involve
more complex exchange pathways meditated by Ga ions, as
discussed in Section V. Although the xy exchange interactions
can be FM (J3Y, J;¥, and J}3’ > 0) or AF (J37, J}5’, and
Jy? < 0), the largest intralayer and interlayer zy exchange
couplings J3* and J;.,Y are both AF, in agreement with the
first-principles calculations discussed in the previous section.

Both the inelastic spectra and first-principles calculations
indicate that the exchange interactions in TIG are long-ranged.
Similar long-ranged interactions extending over many Tb3+
layers were found in the compounds TbNi2Ge, and TbNisSis,
which display several magnetization steps and are possible ex-
amples of “devil’s staircases”?"-2%48,

Within the Kitaev model' on a honeycomb lattice, strong
SOC produces a Jo = 1/2 state and the exchange couplings
on the three bonds of the non-distorted honeycomb lattice are
different. For TIG, the exchange couplings between Tb3+
ions in the distorted honeycomb lattice depend on the orienta-
tions of the coupled Tb 4 f orbitals. This bond-dependent ex-
change is required to understand both the static and dynamic
properties of TIG.

As in other materials containing Tb3* ions, the low-
lying crystal-field doublet in TIG affects the A anomaly of the
specific heat?®, which exhibits an R In2 entropy characteristic
of Jer = 1/2 moments. So there is no doubt that the strong
CF potential in TIG splits the 2.J + 1 = 13 levels of Tb** into
a low-lying doublet and 11 higher levels.

Of course, single-ion anisotropy (SIA) should vanish within
the low-lying doublet |®) because (P |.J2|®) is the same
for each state. In the absence of easy-axis and easy-plane
anisotropies, a rigorous description of TIG must include 7 in-
teraction terms per bond®3*#°: isotropic Heisenberg exchange
J, exchanges J,, and J, coupling only the x or z spin com-
ponents, symmetric exchange J,, and antisymmetric (DM)
exchange D coupling the x and y spin components, and fi-
nally, exchanges J, and J,, coupling the z and = or y spin

27,28

components. A complete model of TIG should contain at least
five bonds: three bonds to produce the two jumps in the mag-
netization with field along a and at least two additional bonds
between layers. Adding three g-tensor components but con-
straining the antisymmetric D exchange interactions using the
observed canted moment, a rigorous description of TIG then
requires at least 37 parameters. Needless to say, fitting 37 pa-
rameters is nearly impossible and defeats the whole purpose of
a model Hamiltonian. Therefore, we have used a phenomeno-
logical model containing SIA for general spin .S with “only”
13 terms to describe this system. Aside from practicality, an-
other advantage of this model is that the exchange, anisotropy,
and g, components have direct physical interpretations.

The RyT3Xo family exhibits a variety of ground states that
depend on the competition between long-range magnetic in-
teractions and magneto-crystalline anisotropy arising from the
interplay between crystalline electric-field and Kondo effects.
Due to the large coordination number (i.e., the rare-earth R
has 11 nearest-neighbor X-ligand atoms and 6 next-nearest-
neighbor T-ligand atoms), a slight change in the local en-
vironment surrounding the R atom (average bond-distance)
can lead to drastically different ground states ranging from
a mixed-valent to a Kondo-lattice system'”~'°%. For exam-
ple, Dy2CosAlg undergoes transitions into two incommensu-
rate states before locking into a low-temperature commensu-
rate state'>. This complex phase diagram indicates significant
magnetic frustration due to the long-range exchange couplings
which also appear in TIG. However, the prevailing easy-plane
anisotropy of TIG drives the system into a commensurate spin
state, albeit one with many competing states of slightly higher
energy.

To summarize, neutron diffraction and INS measurements
were used to investigate the static and dynamical properties
of the honeycomb-lattice TIG. Neutron diffraction measure-
ments on a single crystal reveal a canted AFM spin configu-
ration with a moment of about 1.22up/f.u. along b. Fits to
the inelastic spectrum indicate bond-dependent exchange in-
teractions while Monte-Carlo simulations and first-principles
calculations suggest competing ground states. Consequently,
TIG has a great deal in common with other Jog = 1/2 mate-
rials on a honeycomb lattice.
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