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Popular Summary



Avan der Waals material is made of a stack of weakly bonded planes of atoms. These 2D materials are powerful platforms
for exploring several electronic and magnetic behaviors. Recently, the discovery of robust topological spin excitations in the
2D magnet CrI3 has spurred huge interest in their potential applications such as in the field of dissipationless spintronics,
where electron spins are used to transmit and store information. Here, we use neutron-scattering experiments to explore the
microscopic origin of these spin excitations and an accompanying intriguing magnetic phenomenon in this material: a
stacking-dependent magnetic order. That is, while a single layer of CrI3 is ferromagnetic, two stacked layers are
antiferromagnetic, which, counterintuitively, is different from that in the ferromagnetic bulk.

In our experiments, we find that spin-orbit coupling (a relativistic interaction of an electron’s spin with its motion) induces
asymmetric interactions between the spins. This induces the spins to feel the magnetic field differently, affecting their
topological excitations. In addition, our measurements show that the nearest magnetic exchange interaction along the
weakly bonded planes is indeed antiferromagnetic.

Our results unveil the origin of the observed antiferromagnetic order in thin layers of CrI3 and provide a new understanding
of topology-driven spin excitations in 2D van der Waals magnets.
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I. I N T R O D U C TI O N

2 7 T h e dis c o v er y of r o b ust t w o- di m e nsi o n al ( 2 D) f err o m a g-
2 8 n eti c ( F M) l o n g-r a n g e or d er i n  m o n ol a y er v a n d er  Wa als
2 9 ( v d W)  m a g n ets [ 1– 3] is i m p ort a nt b e c a us e t h es e  m at eri als
3 0 c a n pr o vi d e a n e w pl atf or m t o st u d y f u n d a m e nt al p h ysi cs
3 1 wit h o ut t h e i nfl u e n c e of a s u bstr at e a n d c a n p ot e nti all y b e
3 2 us e d t o d e v el o p n e w s pi ntr o ni c d e vi c es [ 4, 5].  O n e pr o mi n e nt
3 3 gr o u p of t h es e  m at eri als i n cl u d es t h e c hr o mi u m tri h ali d es,
3 4 Cr X 3 ( X ¼ Br, I) or  Cr X T e 3 ( X ¼ G e, Si),  w h er e  Cr 3 þ

3 5 (3 d 3 , S ¼ 3 = 2 ) i o ns f or m 2 D h o n e y c o m b l atti c es [ Fi g. 1( a) ]
3 6 [ 6, 7].  Wit hi n a si n gl e h o n e y c o m b l a y er,  Cr3 þ i o ns i nt er a ct
3 7 wit h e a c h ot h er f err o m a g n eti c all y vi a t h e n e arl y 9 0- d e gr e e
3 8 Cr- X- Cr s u p er e x c h a n g e p at hs [ Fi g. 1( b) ] [ 8].  Alt h o u g h t h e

3 93 d el e ctr o ns of  Cr 3 þ d o n ot pr o vi d e l ar g e s pi n- or bit c o u pli n g
4 0( S O C), t h e h e a vi er li g a n d at o ms s u c h as i o di n e  m a y s er v e as
4 1a s o ur c e of si g nifi c a nt S O C.  T his n ot o nl y pr o vi d es t h e
4 2t h er m al st a bilit y o bs er v e d i n v d W l a y er e d  m at eri als b ut als o
4 3e nri c h es t h e p h ysi cs of  m a g n etis m i n t h e 2 D li mit [ 9– 1 4] .
4 4I n d e e d, it is pr o p os e d t h at t h e  Kit a e v i nt er a cti o n [ 1 5], k n o w n
4 5t o b e i m p ort a nt f or eff e cti v e S ¼ 1 = 2 h o n e y c o m b l atti c e
4 6m a g n ets n e ar a  Kit a e v q u a nt u m s pi n li q ui d [ 1 6, 1 7], m a y
4 7o c c ur i n S ¼ 3 = 2 CrI 3 a cr oss t h e n e ar est b o n d  wit h b o n d-
4 8d e p e n d e nt a nis otr o pi c Isi n g-li k e e x c h a n g e [ Fi g. 1( b) ].  T his
4 9o c c urr e n c e  w o ul d b e criti c al f or t h e  m a g n eti c st a bilit y of
5 0m o n ol a y er  CrI 3 a n d s pi n d y n a mi cs i n b ul k  CrI 3 [ 1 8– 2 2] .
5 1F urt h er m or e, s pi n  w a v es ( m a g n o ns) fr o m h o n e y c o m b f er-
5 2r o m a g n ets c a n b e t o p ol o gi c al b y o p e ni n g a g a p at t h e  Dir a c
5 3p oi nts vi a ti m e-r e v ers al s y m m etr y br e a ki n g ( T R S B) [ 2 3, 2 4].
5 4As a  m a g n eti c a n al o g of el e ctr o ni c dis p ersi o n i n gr a p h e n e
5 5[ 2 5], s pi n- w a v e s p e ctr a of h o n e y c o m b f err o m a g n ets h a v e
5 6Dir a c p oi nts at t h e  Brill o ui n z o n e b o u n d ari es  w h er e dis-
5 7p ersi o ns of a c o usti c a n d o pti c al s pi n  w a v es  m e et a n d
5 8pr o d u c e  Dir a c c o n es. If t h e s yst e m h as  T R S B arisi n g fr o m
5 9a l ar g e S O C, o n e  w o ul d e x p e ct t o o bs er v e a n e n er g y g a p at
6 0t h e  Dir a c p oi nt of t h e b ul k  m a g n o n b a n ds [ 2 3], a n al o g o us t o
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6 1 t h e S O C-i n d u c e d g a p at t h e  Dir a c p oi nt i n t h e el e ctr o ni c
6 2 dis p ersi o n of gr a p h e n e [ 2 6]. T his e n er g y g a p, i n t ur n, w o ul d
6 3 all o w t h e r e ali z ati o n of  m assl ess t o p ol o gi c al s pi n e x cit ati o ns
6 4 pr o p a g ati n g  wit h o ut dissi p ati o n [ 2 7– 2 9] .
6 5 E x p eri m e nt all y, a s pi n g a p  w as i n d e e d o bs er v e d at t h e
6 6 Dir a c p oi nt i n t h e s pi n- w a v e s p e ctr a of t h e h o n e y c o m b
6 7 l atti c e F M  CrI3 [ 3 0].  T hr e e p ossi bl e s c e n ari os h a v e b e e n
6 8 pr o p os e d t o u n d erst a n d t h e o bs er v e d s pi n g a p.  T h e first
6 9 c orr es p o n ds t o t h e  D z y al os hi ns kii- M ori y a ( D M) i nt er a c-
7 0 ti o n t h at o c c urs o n t h e b o n ds  wit h o ut i n v ersi o n s y m m etr y
7 1 [ Fi gs. 1( a) , 1( c) , a n d 1( d) ] [ 3 1, 3 2].  T h e s e c o n d s c e n ari o is
7 2 t h e  Kit a e v i nt er a cti o n t h at als o br e a ks ti m e-r e v ers al s y m-
7 3 m etr y a n d c a n i n h a bit n o ntri vi al t o p ol o gi c al e d g e  m o d es
7 4 [ 1 9, 3 3]. Fi n all y, t h e o bs er v e d  Dir a c s pi n g a p is s u g g est e d t o
7 5 aris e fr o m el e ctr o n c orr el ati o ns t h at  m ust b e tr e at e d
7 6 e x pli citl y t o u n d erst a n d t h e s pi n d y n a mi cs i n  CrI 3 a n d
7 7 t h e br o a d f a mil y of 2 D v d W  m a g n eti c  m at eri als [ 3 4]. I n
7 8 t his c as e, s pi n e x cit ati o ns i n  CrI3 w o ul d n ot b e t o p ol o gi c al.
7 9 A n ot h er i ntri g ui n g pr o p ert y of  CrI 3 is its  w e a k str u ct ur al
8 0 a n d  m a g n eti c c o u pli n g al o n g t h e c a xis. I n t h e l o w-
8 1 t e m p er at ur e F M p h as e, b ul k  CrI3 is ass u m e d t o h a v e
8 2 r h o m b o h e dr al l atti c e str u ct ur e  wit h s p a c e gr o u p R 3̄ [ 6].
8 3 O n  w ar mi n g a cr oss T C , t h e F M or d er i n  CrI3 dis a p p e ars i n
8 4 a  w e a kl y first- or d er p h as e tr a nsiti o n c o u pl e d  wit h a s m all
8 5 c - a xis l atti c e p ar a m et er c h a n g e.  U p o n f urt h er  w ar mi n g t o

8 69 0 – 2 0 0  K,  CrI 3 u n d er g o es a first- or d er p h as e tr a nsiti o n
8 7fr o m r h o m b o h e dr al t o  m o n o cli ni c str u ct ur e  wit h a C = 2 m
8 8s p a c e gr o u p, b asi c all y s hifti n g t h e st a c ki n g of t h e  CrI 3

8 9l a y ers [ 6]. Fr o m c o m p aris o ns t o s pi n- w a v e dis p ersi o ns, t h e
9 0n e ar est- n ei g h b or ( N N) c a xis  m a g n eti c e x c h a n g e c o u pli n g
9 1is d e d u c e d t o b e F M  wit h J c 1 ≈ 0 .5 9 m e V [ Fi g. 1( a) ] [ 3 0].
9 2H o w e v er, tr a ns p ort,  R a m a n s c att eri n g, s c a n ni n g  m a g n eti c
9 3cir c ul ar di c hr ois m  mi cr os c o p y, a n d t u n n eli n g  m e as ur e-
9 4m e nts as a f u n cti o n of fil m t hi c k n ess [ 1, 3 5, 3 6], pr ess ur e
9 5[ 3 7, 3 8], a n d a p pli e d  m a g n eti c fi el d [ 3 9] s u g g est A -t y p e
9 6a ntif err o m a g n eti c ( A F) str u ct ur e ass o ci at e d  wit h t h e  m o n o-
9 7cli ni c str u ct ur e pr es e nt i n t h e bil a y er a n d a f e w t o p l a y ers of
9 8b ul k  CrI 3 . I n p arti c ul ar, a  m a g n eti c fi el d a f e w  Tesl a al o n g
9 9t h e c a xis  w as f o u n d t o  m o dif y t h e cr yst al l atti c e s y m m etr y

1 0 0of  CrI 3 , t h us s u g g esti n g a str o n g s pi n-l atti c e c o u pli n g [ 3 9].
1 0 1T h er ef or e, it is i m p ort a nt t o d et er mi n e if t h e  N N i nt erl a y er
1 0 2e x c h a n g e c o u pli n g is i n d e e d F M a n d  w h at d et er mi n es
1 0 3t h e o v er all F M i nt erl a y er c o u pli n g i n t h e  CrI3 b ul k  wit h
1 0 4r h o m b o h e dr al l atti c e str u ct ur e.
1 0 5I n t his  w or k,  w e us e hi g h-r es ol uti o n i n el asti c n e utr o n
1 0 6s c att eri n g t o st u d y s pi n  w a v es of  CrI 3 a n d t h eir  m a g n eti c
1 0 7fi el d d e p e n d e n c e.  B y r e d u ci n g t h e  m os ai c of c o ali g n e d
1 0 8si n gl e cr yst als of  CrI 3 fr o m e arli er  w or k [ 3 0],  w e  w er e a bl e
1 0 9t o pr e cis el y  m e as ur e t h e  m a g nit u d e of t h e s pi n g a p at t h e
1 1 0Dir a c p oi nts a n d t h e e ntir e s pi n- w a v e s p e ctr a. I n a d diti o n,
1 1 1w e d et er mi n e t h e eff e ct of a n i n- pl a n e  m a g n eti c fi el d o n
1 1 2s pi n  w a v es a n d t h e  Dir a c s pi n g a p i n  CrI 3 .  B y c o m p ari n g
1 1 3t h e e x p eri m e nt al o bs er v ati o ns  wit h e x p e ct ati o ns fr o m t h e
1 1 4H eis e n b er g- D M a n d  H eis e n b er g- Kit a e v  H a milt o ni a n, a n d
1 1 5t h e eff e ct of el e ctr o n c orr el ati o ns,  w e c o n cl u d e t h at s pi n
1 1 6w a v es a n d t h e  Dir a c s pi n g a p i n  CrI 3 c a n n ot b e d es cri b e d
1 1 7b y t h e  H eis e n b er g- Kit a e v  H a milt o ni a n a n d el e ctr o n c orr e-
1 1 8l ati o n eff e cts. I nst e a d, t h e d at a ar e a p pr o xi m at el y c o nsist e nt
1 1 9wit h t h e  H eis e n b er g- D M  H a milt o ni a n, c o nsi d eri n g b ot h
1 2 0t h e c - a xis a n d i n- pl a n e  D M i nt er a cti o ns.  O ur r es ults
1 2 1t h er ef or e cl arif y t h e  mi cr os c o pi c s pi n i nt er a cti o ns i n  CrI3
1 2 2a n d pr o vi d e a n e w u n d erst a n di n g of t o p ol o g y- dri v e n s pi n
1 2 3e x cit ati o ns i n 2 D v d W  m a g n ets.

1 2 4II.  R E S U L T S

1 2 5Si n gl e cr yst alli n e  CrI 3 s a m pl es  w er e gr o w n usi n g t h e
1 2 6c h e mi c al- v a p or-tr a ns p ort  m et h o d as d es cri b e d i n  R ef. [ 6].
1 2 7O ur i n el asti c n e utr o n s c att eri n g e x p eri m e nts  w er e c arri e d
1 2 8o ut o n eit h er f ull y c o ali g n e d ( ∼ 0 .4 2 g) or c - a xis ali g n e d
1 2 9(∼ 1 g) cr yst als o n t h e S E Q U OI A [ 4 0],  H Y S P E C [ 4 1], a n d
1 3 0A R C S [ 4 2] s p e ctr o m et ers at S p all ati o n  N e utr o n S o ur c e,
1 3 1O a k  Ri d g e  N ati o n al  L a b or at or y.  C o nsist e nt  wit h  R ef. [ 3 0],
1 3 2w e us e a h o n e y c o m b l atti c e  wit h a n i n- pl a n e  Cr- Cr dist a n c e
1 3 3of a b o ut 3. 9 6  Å a n d c - a xis l a y er s p a ci n g of 6. 6 2  Å i n
1 3 4t h e l o w-t e m p er at ur e r h o m b o h e dr al str u ct ur e t o d es cri b e
1 3 5CrI 3 .  T h e  m o m e nt u m tr a nsf er Q ¼ H a þ K b þ L c is
1 3 6d e n ot e d as ðH;  K;  L Þ i n r e ci pr o c al l atti c e u nits (r.l. u.)  wit h
1 3 7m ar k e d hi g h-s y m m etr y p oi nts [ Fi gs. 2( a) a n d 2( b) ].  All
1 3 8m e as ur e m e nts  w er e c arri e d o ut  wit h t h e c a xis of t h e
1 3 9s a m pl e i n t h e h ori z o nt al s c att eri n g pl a n e a n d  wit h t h e

a
b

D M

d S

k =[ 1/ 3 1/ 3]

S i S j

 < Si x Sj>

D M
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S j

M // c M c
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J
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J
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J
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J 1 J
2 J

3
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C 4

J
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’

c

I

a
b

J x x
J y y

J z z

( b)

( c)

x

yz
D M

Ia b o v eIb e lo w

F 1: 1 FI G. 1.  Cr yst al str u ct ur e of  CrI 3 . ( a)  CrI3 r h o m b o h e dr al l atti c e
F 1: 2 s h o wi n g o nl y  Cr at o ms,  wit h  Cr 3 þ s pi ns al o n g t h e c a xis.  Cr 1
F 1: 3 ( bl u e) a n d  Cr 2 ( c y a n) s p h er es i n di c at e  Cr at o ms i n diff er e nt
F 1: 4 tri a n g ul ar s u bl atti c es.  T h e c ol or e d b o n ds i n di c at e i n- pl a n e a n d
F 1: 5 i nt erl a y er  m a g n eti c e x c h a n g e i nt er a cti o n s.  T h e c y a n a n d y ell o w
F 1: 6 d as h e d li n es s h o w t h e t hr e e J c 2 ’s a n d si x J c 3 ’s ar o u n d o n e  Cr
F 1: 7 at o m. ( b)  Kit a e v i nt er a cti o n i n t h e l o c al c o or di n at es of  CrI 3 .  T h e
F 1: 8 J x x , J y y , J z z b o n d is b et w e e n t h e  N Ns, a n d t h e f x; y; z g dir e cti o n
F 1: 9 is p ar all el t o t h e  Cr-I b o n d, as s h o w n  wit h arr o ws. ( c)  D M

F 1: 1 0 i nt er a cti o ns i n  CrI3 wit h a t o p vi e w of t h e  Cr 3 þ h e x a g o n at t h e
F 1: 1 1 Dir a c  w a v e v e ct or.  T h e c y a n a n d bl u e c ol ors disti n g uis h t w o
F 1: 1 2 tri a n g ul ar s u bl atti c es. ( d) I nt er a cti o ns b et w e e n  D M a n d s pi ns.
F 1: 1 3 O nl y  w h e n s pi ns h a v e c o m p o n e nts al o n g t h e c a xis c a n t h e  D M
F 1: 1 4 t er m gi v e a n o n z er o c o ntri b uti o n t o t h e t ot al  H a milt o ni a n.
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1 4 0 a p pli e d  m a g n eti c fi el ds v erti c al, i. e., i n t h e a b pl a n e of  CrI 3

1 4 1 [ Fi gs. 1( a) , ( c), a n d ( d)].
1 4 2 We b e gi n b y d es cri bi n g t h e z er o fi el d hi g h-r es ol uti o n s pi n-
1 4 3 w a v e d at a of  CrI 3 o bt ai n e d o n S E Q UI O A ( Fi gs. 2 a n d 3 ).
1 4 4 Fi g ur e 3( a) s h o ws t h e e n er g y- m o m e nt u m ( E -Q )- d e p e n d e nt
1 4 5 s pi n- w a v e s p e ctr a al o n g t h e hi g h-s y m m etr y dir e cti o ns i n
1 4 6 r e ci pr o c al s p a c e as d e pi ct e d i n Fi g. 2( a) .  T h es e i n- pl a n e s pi n-
1 4 7 w a v e s p e ctr a  w er e o bt ai n e d b y i nt e gr ati n g dis p ersi v e s pi n
1 4 8 w a v es al o n g t h e c a xis o v er − 5 ≤ L ≤ 5 . T h e o v er all
1 4 9 m o m e nt u m d e p e n d e n c e of t h e s pi n- w a v e e n er gi es is c o n-
1 5 0 sist e nt  wit h pr e vi o us  w or k [ 3 0], r e v e ali n g t w o s pi n- w a v e
1 5 1 m o d es c h ar a ct eristi c of t h e h o n e y c o m b f err o m a g n ets.  T h e
1 5 2 l o w er a n d u p p er  m o d es a c c o u nt f or t h e a c o usti c a n d o pti c al
1 5 3 vi br ati o ns, r es p e cti v el y, of t h e t w o s u bl atti c e s pi ns.  T h es e t w o
1 5 4 s pi n- w a v e  m o d es  will  m e et e a c h ot h er at t h e  Dir a c  w a v e

1 5 5 v e ct ors of Q K 1
¼ ð 1

3 ; 1
3 Þ a n d Q K 2

¼ ð 2
3 ; − 1

3 Þ [ Fi gs. 3( a)

1 5 6 a n d 3( d) ]. I ns p e cti o n of Fi g. 3( a) r e v e als cl e ar e vi d e n c e of
1 5 7 a s pi n g a p of a b o ut 2. 8  m e V,  w hi c h is a p pr o xi m at el y 5 0 %
1 5 8 t h e v al u e esti m at e d fr o m pr e vi o us l o w-r es ol uti o n d at a [ 3 0].
1 5 9 T his r es ult is  m ostl y d u e t o t h e r e d u c e d  m os ai cit y of t h e
1 6 0 c o ali g n e d si n gl e cr yst als ( a n i n- pl a n e  m os ai c f ull  wi dt h at

1 6 1h alf  m a xi m u m of 8. 0° c o m p ar e d  wit h t h at of a b o ut 1 7° i n
1 6 2R ef. [ 3 0]) a n d i m pr o v e d i nstr u m e nt al r es ol uti o n [ 4 3].
1 6 3T o c o m pl et el y d et er mi n e t h e s pi n- w a v e s p e ctr a of  CrI 3 ,
1 6 4w e s h o w i n Fi gs. 2( c) – 2( e) t h e L d e p e n d e n c e of s pi n  w a v es
1 6 5at diff er e nt i n- pl a n e  w a v e v e ct ors. I ns p e cti o n of t h e fi g ur es

1 6 6r e v e als t h at t h e  m o d es al o n g t h e ½12 ; 1
2 ; L a n d ½0 ; 0 ; L

1 6 7dir e cti o ns e x hi bit  m ut u all y o p p osit e L d e p e n d e n c e.  Al o n g
1 6 8t h e ½0 ; 0 ; L dir e cti o n, t h e s pi n- w a v e dis p ersi o n e x hi bits a
1 6 9mi ni m u m of 0. 4  m e V at L ¼ 3 n (n ¼ i nt e g ers) a n d a

1 7 0m a xi m u m of 2. 1  m e V at L ¼ 3 n þ 3
2 [ Fi g. 2( e) ]. I n c o ntr ast,

1 7 1t h e  m o d e al o n g t h e ½12 ; 1
2 ; L dir e cti o n p e a ks at L ¼ 3 n a n d

1 7 2h as a  mi ni m u m at L ¼ 3 n þ 3
2 [ Fi g. 2( c) ],  w hil e s pi n  w a v es

1 7 3al o n g t h e ½12 ; 0 ; L dir e cti o n ar e f e at ur el ess [ Fi g. 2( d) ].  T h e

1 7 4o v er all s pi n- w a v e s p e ctr a at L ¼ 3 a n d 4. 5 ar e s h o w n i n
1 7 5Fi gs. 2(f) a n d 2( g) , r es p e cti v el y.  T h e o p p osit e L d e p e n d-
1 7 6e n c e b et w e e n t h e hi g h- a n d l o w- e n er g y s pi n  w a v es r e q uir es
1 7 7fi nit e F M i nt er pl a n e e x c h a n g es al o n g t h e b o n ds t h at ar e
1 7 8tilt e d off t h e c a xis.
1 7 9T o u n d erst a n d s pi n- w a v e s p e ctr a i n Fi gs. 2 a n d 3 , w e
1 8 0c o nsi d er a  H eis e n b er g  m o d el  wit h t h e  D M i nt er a cti o n t o
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F 2: 1 FI G. 2. S pi n  w a v e s p e ctr a of  CrI 3 . ( a)  T h e h e x a g o n al r e ci pr o c al
F 2: 2 l atti c e of  CrI3 .  Gr a y arr o ws s h o w r e ci pr o c al l atti c e v e ct ors, a n d
F 2: 3 hi g h-s y m m etr y ( Γ ; K; M) p oi nts ar e s p e cifi e d i n bl u e (M ), r e d
F 2: 4 (K ), a n d bl a c k (Γ ) d ots, r es p e cti v el y.  T h e b ol d bl a c k li n es s p e cif y
F 2: 5 t h e s c a n dir e cti o n i n ( c– e). ( b) Pr oj e cti o n of t h e h e x a g o n al
F 2: 6 r e ci pr o c al l atti c e i n t h e ½H;  K pl a n e.  T h e arr o ws i n di c at e t h e s c a n
F 2: 7 p at h of t h e s p e ctr a s h o w n i n (f, g), Fi gs. 3( a) – 3( c) , a n d Fi gs. 4( a)
F 2: 8 a n d 4( b) . ( c– e)  T h e s pi n  w a v e dis p ersi o n al o n g t h e L dir e cti o n at
F 2: 9 diff er e nt ½H;  K p ositi o ns s p e cifi e d i n ( a), s h o wi n g diff er e nt

F 2: 1 0 b a n d wi dt hs at diff er e nt ½H;  K p oi nts.  T h e l eft a n d ri g ht p a n els
F 2: 1 1 ar e c al c ul ati o n a n d d at a, r es p e cti v el y. (f, g) S pi n  w a v e dis p ersi o n
F 2: 1 2 at diff er e nt L p oi nts. (f) s h o ws L i nt e gr ati o n r a n g e ½2 .5 ; 3 .5 n e ar
F 2: 1 3 t h e ½0 ; 0 ; L b a n d b ott o m,  w hil e ( g) s h o ws L i nt e gr ati o n r a n g e
F 2: 1 4 ½4 ; 5 n e ar t h e b a n d t o p.
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F 3: 1FI G. 3.  T h e  H eis e n b er g- D M  m o d el fit of  CrI 3 E -Q s pi n  w a v e
F 3: 2s p e ctr u m.  Hi g h-s y m m etr y p oi nts ar e l a b el e d. ( a)  E x p eri m e nt al
F 3: 3d at a at 5  K. ( b)  H eis e n b er g- D M  m o d el si m ul ati o n usi n g p ar a m-
F 3: 4et ers i n  Ta bl e I. ( c)  E x p eri m e nt al d at a at 5  K  wit h s m all er L
F 3: 5i nt e gr ati o n r a n g e. ( d, e)  H eis e n b er g- D M  m o d el si m ul ati o n s
F 3: 6i n cl u di n g s a m pl e  m os ai c  wit h ( d)  D M ¼ 0 a n d ( e)  D M ⊥ ¼
F 3: 70 .0 9 m e V. (f)  C o nst a nt- Q c uts of t h e d at a i n ( c – e) at t h e  Dir a c
F 3: 8p oi nt ð2 = 3 ; 2 = 3 ; 0 Þ. ( g)  T h e s q u ar e d err or r 2 b et w e e n e x p eri-
F 3: 9m e nt al a n d si m ul ati o n v al u es of t h e  Dir a c p oi nt c ut as a f u n cti o n

F 3: 1 0of t h e  D M i nt er a cti o n str e n gt h.
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1 8 1 a c c o u nt f or t h e o bs er v e d  Dir a c s pi n g a p [ 2 3, 2 4, 3 0].  T h e
1 8 2 H a milt o ni a n of t h e  D M i nt er a cti o n, H D M , c a n b e  writt e n as

1 8 3 H D M ¼ −
P

i < j ½A i j · ðS i × S j Þ ,  w h er e S i a n d S j ar e s pi ns

1 8 4 at sit es i a n d j , r es p e cti v el y, a n d A i j is t h e a ntis y m m etri c

1 8 5 D M i nt er a cti o n b et w e e n sit es i a n d j [ Fi gs. 1( a) a n d 1( c) ].
1 8 6 T h e c o m bi n e d  H eis e n b er g- D M (J- D M)  H a milt o ni a n is

1 8 7 H J- D M ¼
P

i < j ½J i jS i · S j þ A i j · S i × S j þ
P

j D z ðS
z
j Þ

2 ,

1 8 8 w h er e J i j is t h e  m a g n eti c e x c h a n g e c o u pli n g of t h e S i a n d

1 8 9 S j , a n d D z is t h e e as y- a xis a nis otr o p y al o n g t h e z ðc Þ a xis

1 9 0 [ 3 0].  As s h o w n i n Fi g. 1( a) ,  w e d efi n e t h e i n- pl a n e  N N, t h e
1 9 1 n e xt- n e ar est- n ei g h b or ( N N N), a n d t h e t hir d  N N i nt er-
1 9 2 a cti o ns as J 1 , J 2 , a n d J 3 , r es p e cti v el y.  T h e c a xis  N N,
1 9 3 t h e  N N Ns, a n d t h e t hir d  N N i nt er a cti o ns ar e J c 1 , J c 2 = J c 3 ,
1 9 4 a n d J c 4 = J 0

c 4 , r es p e cti v el y. F or i d e al h o n e y c o m b l atti c e
1 9 5 m at eri als  w h er e t h e  N N N b o n d br e a ks t h e i n v ersi o n
1 9 6 s y m m etr y [ Fi g. 1( c) ], t h e  D M v e ct ors c a n h a v e b ot h i n-

1 9 7 pl a n e ( D M jj) a n d o ut- of- pl a n e ( D M⊥ ) c o m p o n e nts, b ut t h e

1 9 8 f or m er  will n ot c o ntri b ut e t o t h e t o p ol o gi c al g a p o p e ni n g
1 9 9 b e c a us e of t h e t hr e ef ol d r ot ati o n al s y m m etr y of t h e
2 0 0 h o n e y c o m b l atti c e [ Fi g. 1( d) ].  As a r es ult, o nl y t h e  D M
2 0 1 t er m p ar all el t o t h e c a xis, i. e., t h e  N N N  D M i nt er a cti o n,
2 0 2 will c o ntri b ut e t o t h e o p e ni n g of a s pi n g a p i n s pi n- w a v e
2 0 3 s p e ctr a. Si n c e b ul k  CrI 3 or d ers f err o m a g n eti c all y b el o w a
2 0 4 C uri e t e m p er at ur e of T C ≈ 6 1 K  wit h a n or d er e d  m o m e nt
2 0 5 al o n g t h e c a xis [ 6], o n e c a n fit t h e s pi n- w a v e s p e ctr a a n d
2 0 6 Dir a c g a p usi n g t h e fi nit e  N N N H D M (≠ 0 ),  w hi c h  m a y
2 0 7 i n d u c e  T R S B a n d t o p ol o gi c al s pi n e x cit ati o ns i n t h e F M
2 0 8 or d er e d st at e [ 3 0].
2 0 9 T h e l eft p a n els of Fi gs. 2( c) – 2( e) a n d 3( b) ar e t h e
2 1 0 c al c ul at e d s pi n- w a v e s p e ctr a  wit h e x c h a n g e p ar a m et ers
2 1 1 list e d i n  Ta bl e I [ 3 0].  Gi v e n t h e n e arl y fl at dis p ersi o n al o n g

2 1 2 t h e ½12 ; 0 ; L dir e cti o n s h o w n i n Fi g. 2( d) ,  w e c h o os e t o s et

2 1 3 J c 2 ¼ J c 3 f or t h e t w o i nt er pl a n e  N N N e x c h a n g es of n e arl y
2 1 4 i d e nti c al b o n d l e n gt hs [ Fi g. 1( a) ].  T h e b est-fit p ar a m et ers
2 1 5 r e v e al t h at t h e  N N i nt erl a y er  m a g n eti c i nt er a cti o ns ar e
2 1 6 A F  wit h str o n g F M c o u pli n gs al o n g t h e  N N N dir e cti o ns
2 1 7 [ Fi g. 1( a) ]. I n a d diti o n, o n e  m ust i n cl u d e a fi nit e  D M
2 1 8 i nt er a cti o n A t o a c c o u nt f or t h e o bs er v e d s pi n g a p at t h e
2 1 9 Dir a c p oi nts [ Fi gs. 3( a) , 3( b) , a n d 3( d) ] [ 4 3].  T o pr e cis el y
2 2 0 d et er mi n e t h e  m a g nit u d e of A ,  w e c o nsi d er s pi n  w a v e d at a
2 2 1 at t h e  Dir a c p oi nt  wit h a n arr o w c - a xis i nt e gr ati o n r a n g e of
2 2 2 − 0 .5 ≤ L ≤ 0 .5 i n Fi g. 3( c) . Fi g ur es 3( d) a n d 3( e) s h o w
2 2 3 c al c ul at e d s pi n  w a v e s p e ctr a t a ki n g i nt o a c c o u nt t h e  m os ai c
2 2 4 of t h e ali g n e d si n gl e cr yst als of  CrI 3 wit h o ut a n d  wit h t h e
2 2 5 N N N  D M i nt er a cti o ns, r es p e cti v el y.  A n e n er g y c ut t hr o u g h
2 2 6 Dir a c p oi nt r e v e als cl e arl y t h at t h e c al c ul at e d s p e ctr a  wit h
2 2 7 t h e  N N N  D M i nt er a cti o n fits t h e d at a b ett er [ Fi g. 3(f) ].  T h e
2 2 8 b est  m a g nit u d e of A ( D M⊥ ) is d et er mi n e d b y t h e l e ast
2 2 9 s q u ar es  m et h o d usi n g t h e o bs er v e d a n d c al c ul at e d s pi n
2 3 0 w a v e s p e ctr a [ Fi g. 3( g) ]. Si n c e t h e  Dir a c  w a v e v e ct or is
2 3 1 al o n g t h e zi g z a g b o n ds of t h e h o n e y c o m b l atti c e, t h e
2 3 2 o bs er v ati o n of a s pi n g a p at t h e  Dir a c p oi nt i n di c at es a
2 3 3 s y m m etr y- br e a ki n g fi el d b et w e e n t h e t w o  Cr s u bl atti c es
2 3 4 wit hi n t h e h o n e y c o m b l atti c e [ Fi gs. 1( a) a n d 1( c) ].  W hil e

2 3 5t h e  D M v e ct ors  m a y b e ori e nt e d eit h er al o n g t h e c a xis or
2 3 6p er p e n di c ul ar t o it, o nl y t h e c a xis c o m p o n e nt c a n o p e n t h e
2 3 7Dir a c g a p d u e t o t h e t hr e ef ol d s y m m etr y of t h e i d e al
2 3 8h o n e y c o m b l atti c e. I n a d diti o n, t h e  m a g nit u d e of t h e g a p is
2 3 9dir e ctl y pr o p orti o n al t o t h e c a xis c o m p o n e nt of t h e or d er e d
2 4 0s pi ns [ 4 4, 4 5].
2 4 1A n alt er n ati v e s c e n ari o t o u n d erst a n d t h e o bs er v e d s pi n
2 4 2g a p at t h e  Dir a c p oi nt is t hr o u g h t h e  Kit a e v i nt er a cti o n t h at
2 4 3o c c urs a cr oss t h e n e ar est b o n d  wit h b o n d- d e p e n d e nt
2 4 4a nis otr o pi c Isi n g-li k e e x c h a n g e [ Fi g. 1( b) ] [ 1 5],  w hi c h
2 4 5als o br e a ks t h e ti m e-r e v ers al s y m m etr y a n d c a n i n h a bit
2 4 6n o ntri vi al t o p ol o gi c al e d g e  m o d es [ 1 9].  T h e  Kit a e v i nt er-

2 4 7a cti o n  H a milt o ni a n H K is H K ¼
P

hi ji∈ λ μ ðν Þ ½K S ν
i S

ν
j þ

2 4 8Γ ðS λ
i S

μ
j þ S ν

i S
λ
j Þ ,  w h er e (λ , μ , ν ) ar e a n y p er m ut ati o n of

2 4 9ðx; y; z Þ, K is t h e str e n gt h of t h e  Kit a e v i nt er a cti o n, a n d Γ is
2 5 0t h e s y m m etri c off- di a g o n al a nis otr o p y t h at i n d u c es a s pi n
2 5 1g a p at t h e Γ p oi nt [ 1 9, 3 3].  T h e c o m bi n e d  H eis e n b er g-
2 5 2Kit a e v  H a milt o ni a n, t h e s o- c all e d J- K- Γ H a milt o ni a n, is

2 5 3H J- K-Γ ¼
P

hi ji∈ λ μ ðν Þ ½J i jS i · S j þ K S ν
i S

ν
j þ Γ ðS λ

i S
μ
j þ S ν

i S
λ
j Þ .

2 5 4B y fitti n g t h e J- K- Γ H a milt o ni a n usi n g t h e d at a s h o w n i n
2 5 5Fi g. 3( a) ,  w e e xtr a ct t h e e x c h a n g e p ar a m et ers s h o w n i n
2 5 6Ta bl e I,  w h os e  Kit a e v t er m (− 3 .8 m e V) is s m all er t h a n t h at
2 5 7of  R ef. [ 3 3] (− 5 .6 m e V) d u e t o t h e s m all er e n er g y g a p
2 5 8o bs er v e d fr o m b ett er ali g n e d s a m pl es.  W h e n F M or d er e d
2 5 9s pi ns ar e ori e nt e d al o n g t h e c a xis [ 6], t h e s pi n  H a milt o ni a n
2 6 0b as e d o n t h e  H eis e n b er g- Kit a e v e x c h a n g es c a n als o r e pr o-
2 6 1d u c e t h e o bs er v e d s pi n  w a v es a n d e n er g y g a p at t h e  Dir a c
2 6 2p oi nt i n  CrI 3 [ 3 3].  T h er ef or e, o n e c a n n ot d et er mi n e  w h et h er
2 6 3t h e  N N N  D M or  Kit a e v  m o d el is r es p o nsi bl e f or t h e s pi n
2 6 4g a p at  Dir a c p oi nts i n t h e s pi n  w a v es of  CrI 3 at z er o
2 6 5fi el d [ 3 3].
2 6 6Fi n all y, b y usi n g c al c ul ati o ns b e y o n d d e nsit y f u n cti o n al
2 6 7t h e or y ( D F T), it  w as s u g g est e d t h at t h e o bs er v e d  Dir a c s pi n
2 6 8g a p aris es fr o m t h e el e ctr o n c orr el ati o ns n ot c o nsi d er e d i n t h e
2 6 9us u al  D F T t h e or y [ 3 4]. I n t his pi ct ur e, t h e  Dir a c s pi n g a p
2 7 0aris es fr o m t h e diff er e n c es i n c a xis  m a g n eti c e x c h a n g e
2 7 1p at h w a ys al o n g t h e t hir d  N N J c 4 a n d J 0

c 4 [ Fi g. 1( a), a n d s e e
2 7 2Fi g. 3 i n R ef. [ 3 4] ]. If t his pi ct ur e is c orr e ct, o n e  w o ul d e x p e ct

T A B L E I.  M a g n eti c e x c h a n g e i nt er a cti o n str e n gt h (t h e n e g ati v e
v al u e i n di c at es t h e F M e x c h a n g e) i n t h e J- D M  m o d el, t h e el e ctr o n
c orr el ati o n  m o d el, a n d t h e J- K- Γ m o d el.  O ur esti m at e d
D M ⊥ ≈ 0 .0 9 m e V is si mil ar t o t h at i n  R ef. [ 4 4].

M o d el J- D M J-J c 4 J- K- Γ

J 1 ( m e V) − 2 .1 1 − 2 .1 1 − 0 .8 3
J 2 ( m e V) − 0 .1 1 − 0 .1 1 − 0 .1 6
J 3 ( m e V) 0. 1 0 0. 1 0 0. 0 8
J c 1 ( m e V) 0. 0 4 8 0. 0 4 8 0. 0 4 8
J c 2 ð J c 3 Þ ( m e V) − 0 .0 7 1 − 0 .0 7 1 − 0 .0 7 1
J c 4 ð − J 0

c 4 Þ ( m e V) 0 − 0 .1 0
D M ⊥ ( m e V) 0. 0 9 0 0
K ( m e V) 0 0 − 3 .8
D z ( m e V) − 0 .1 2 3 − 0 .1 2 3 0
Γ ( m e V) 0 0 − 0 .0 8 2
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2 7 3 t h at  Dir a c n o d al li n es,  w h er e a c o usti c a n d o pti c al s pi n- w a v e
2 7 4 b a n ds cr oss,  wi n d ar o u n d t h e  Dir a c K p oi nt al o n g t h e L
2 7 5 dir e cti o n [ 3 4]. Si n c e b ot h J c 4 a n d J 0

c 4 c o n n e ct  wit h  Cr 1 a n d d o
2 7 6 n ot br e a k t h e  CrI 3 s u bl atti c e s y m m etr y, t h e el e ctr o n c orr e-
2 7 7 l ati o n eff e cts d o n ot pr o d u c e a tr u e  Dir a c s pi n g a p a n d o nl y
2 7 8 c a us e t h e  Dir a c cr ossi n g t o s hift si d e w a ys a n d i n d u c e n o d al
2 7 9 wi n di n g al o n g t h e c a xis.  T h e s pi n- w a v e i nt e nsit y  wi n di n g
2 8 0 ar o u n d t h e  Dir a c p oi nt h as b e e n o bs er v e d i n t h e i ns ul ati n g
2 8 1 e as y- pl a n e h o n e y c o m b q u a nt u m  m a g n et  C o Ti O 3 wit h o ut a
2 8 2 Dir a c s pi n g a p a n d  D M i nt er a cti o n, s u g g esti n g t h e n o ntri vi al
2 8 3 t o p ol o g y of t h e  Dir a c  m a g n o n  w a v e f u n cti o ns [ 4 6– 4 9] .
2 8 4 Fi g ur es 4( a) a n d 4( b) s h o w e x p e ct e d s pi n- w a v e s p e ctr a
2 8 5 at L ¼ 0 a n d 1. 5, r es p e cti v el y, c al c ul at e d usi n g a
2 8 6 H eis e n b er g  H a milt o ni a n  wit h  m a g n eti c e x c h a n g e p ar a m-
2 8 7 et ers s p e cifi e d i n  Ta bl e I.  N e ar t h e  Dir a c p oi nts,  w e s e e s pi n
2 8 8 g a pli k e f e at ur es at K 1 a n d K 2 d u e t o s hift e d a c o usti c-
2 8 9 o pti c al s pi n- w a v e t o u c hi n g p oi nts, a n d t h er e is n o tr u e s pi n
2 9 0 g a p n e ar t h e  Dir a c p oi nts.  T o c o m p ar e  wit h e x p eri m e nt al
2 9 1 o bs er v ati o ns,  w e c al c ul at e s pi n  w a v es  wit h t h e s a m pl e
2 9 2 m os ai c i n Fi g ur es 4( c) a n d 4( d) ,  w hi c h br o a d e n s pi n  w a v es
2 9 3 b ut d o n ot c h a n g e t h eir b asi c c h ar a ct ers. Si n c e e x p eri m e nt al
2 9 4 d at a at t h es e L v al u es s h o w a cl e a n s pi n g a p at all  w a v e

2 9 5v e ct ors n e ar t h e  Dir a c p oi nts [ Fi gs. 4( e) a n d 4(f) ].  We
2 9 6c o n cl u d e t h at t h e o bs er v e d  Dir a c s pi n g a p c a n n ot aris e fr o m
2 9 7t h e el e ctr o n c orr el ati o n eff e cts as dis c uss e d i n  R ef. [ 3 4].
2 9 8Si n c e b ot h t h e  N N N  D M a n d  Kit a e v  m o d els c a n d es cri b e
2 9 9s pi n  w a v es of  CrI 3 [ 3 3], it  will b e i m p ort a nt t o d et er mi n e
3 0 0w hi c h  mi cr os c o pi c  m o d el is c orr e ct.  O n e  w a y t o s e p ar at e
3 0 1t h es e t w o s c e n ari os is t o d o a n i n el asti c n e utr o n s c att eri n g
3 0 2e x p eri m e nt o n  CrI 3 wit h a  m a g n eti c fi el d a p pli e d  wit hi n t h e
3 0 3a b pl a n e.  T h e e as y a xis of s pi ns i n  CrI 3 is p ar all el t o t h e c
3 0 4a xis, b ut a  m a g n eti c fi el d of 3  T  will t ur n t h e s pi n t o t h e a b
3 0 5pl a n e  wit h al m ost z er o o ut- of- pl a n e c o m p o n e nts [ 6].
3 0 6T his c h a n g e of t h e F M or d er e d  m o m e nt dir e cti o n  will
3 0 7n ullif y t h e  N N N  D M t er m b y  m a ki n g A i j a n d S i × S j

3 0 8p er p e n di c ul ar t o e a c h ot h er  wit h v a nis hi n g H D M , a n d
3 0 9t h er ef or e cl os e t h e  N N N  D M i nt er a cti o n-i n d u c e d s pi n g a p
3 1 0at t h e  Dir a c p oi nts [ Fi g. 1( d) ].  T his r es ult is si mil ar t o t h e 2 D
3 1 1k a g o m e l atti c e f err o m a g n et  C u[ 1, 3- b e n z e n e di c ar b o x yl at e
3 1 2( b d c)] [ C u( 1, 3- b d c)],  w h er e a n o ut- of- pl a n e  m a g n eti c fi el d
3 1 3a p pli e d t o ali g n t h e i n- pl a n e F M or d er e d  m o m e nts al o n g t h e
3 1 4c a xis is f o u n d t o als o i n d u c e a  D M i nt er a cti o n-i n d u c e d
3 1 5s pi n g a p at t h e  Dir a c p oi nts [ 5 0, 5 1]. I n c o ntr ast, if t h e s pi n
3 1 6g a p at t h e  Dir a c p oi nt is i n d u c e d b y t h e  Kit a e v e x c h a n g e, its

( a) L  = 0
( 0, 1)( 0, 0)( 1/ 2, 1/ 2) (- 1/ 2, 1/ 2)

1 2K 1M 1 K 2M 2

( b) L  = 1. 5
( 0, 1)( 0, 0)( 1/ 2, 1/ 2) (- 1/ 2, 1/ 2)

1 2K 1M 1 K 2M 2

I
nt
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(
ar
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0

6

1 5

1 0

5

2 0

0

E
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m
e
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1 5

1 0
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2 0

0

1 5

1 0

5

2 0

0

( c)

( e)

1 5

1 0
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0
E x p.

L =[- 0. 5, 0. 5]

[- K K] =[ 0. 4 8, 0. 5 2]

J + J C 4 + m o s ai c

L  = 0

J + J C 4
J + J C 4

(f)

E x p.

L =[ 1, 2]

[- K K] =[ 0. 4 8, 0. 5 2]

( d)

L  = 1. 5
J + J C 4 + m o s ai c

KM K M KM K M
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(
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0

4

4

0 1
4

10 0. 5

[ H- 1/ 2 H + 1/ 2] (r. l. u.)

10 0. 5

F 4: 1 FI G. 4.  T h e  H eis e n b er g- J c 4 (s pi n c orr el ati o n)  m o d el si m ul ati o n of  CrI3 s pi n  w a v e s p e ctr a, h er e J c 4 ¼ − J 0
c 4 ¼ − 0 .1 0 m e V. ( a, b) I n-

F 4: 2 pl a n e s pi n e x cit ati o n s p e ctr u m  wit h L ¼ 0 a n d 1. 5, r es p e cti v el y. ( c, d) S pi n e x cit ati o n s p e ctr a al o n g ( c) ½H − 1 = 2 ; H þ 1 = 2 ; 0 a n d ( d)
F 4: 3 ½H − 1 = 2 ; H þ 1 = 2 ; 1 .5 dir e cti o ns, r es p e cti v el y.  T h e i nt e gr ati o n a n d  m o s ai c eff e cts ar e c o nsi d er e d i n t h e pl ot. ( e, f)  E x p eri m e nt al d at a
F 4: 4 c orr es p o n di n g t o ( c) a n d ( d), r es p e cti v el y.  T h e i nt e gr ati o n r a n g e of ( c – f) ar e s p e cifi e d i n ( e) a n d (f).
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3 1 7 fi el d d e p e n d e n c e  will b e a nis otr o pi c a n d d e p e n d e nt o n t h e
3 1 8 r el ati v e a n gl e of t h e p ol ari z e d s pi n  wit h r es p e ct t o t h e i n-
3 1 9 pl a n e l atti c e ori e nt ati o n [ Fi gs. 5( a) – 5(f) ].
3 2 0 T o t est t his i d e a,  w e p erf or m i n el asti c n e utr o n s c att eri n g
3 2 1 e x p eri m e nts u n d er i n- pl a n e  m a g n eti c fi el ds o n  H Y S P E C
3 2 2 [ 4 1] wit h a n i n ci d e nt n e utr o n e n er g y of E i ¼ 2 7 m e V
3 2 3 ( Fi g. 5 ) a n d o n  A R C S [ 4 2] wit h E i ¼ 2 3 m e V ( Fi g. 6 ).
3 2 4 Fi g ur e 5( a) s h o ws t h e g e o m etr y of t h e e x p eri m e nt al s et u ps,
3 2 5 w h er e t h e a p pli e d  m a g n eti c fi el ds ar e v erti c al i n t h e
3 2 6 h o n e y c o m b l atti c e pl a n e. F or  H Y S P E C e x p eri m e nts,
3 2 7 w e us e c - a xis ali g n e d si n gl e cr yst als (∼ 1 g) [s e e i ns et of
3 2 8 Fi g. 5( h) ] a n d a p pl y a fi el d of 4. 5  T,  w hi c h is l ar g er t h a n
3 2 9 t h e i n- pl a n e s at ur ati o n fi el d of 3  T [ 6] a n d s uffi ci e nt t o
3 3 0 c o m pl et el y p ol ari z e t h e  m o m e nt i n t h e  CrI 3 pl a n e.  As a
3 3 1 f u n cti o n of i n cr e asi n g fi el d, t h e s pi n g a p at t h e Γ p oi nt
3 3 2 (≈ 0 .4 m e V) [ 3 3] i niti all y d e cr e as es t o o v er c o m e t h e c - a xis
3 3 3 ali g n e d  m o m e nt b ut t h e n i n cr e as es b e c a us e of t h e i n cr e as-
3 3 4 i n g  Z e e m a n e n er g y [ 4 3].  T h es e r es ults ar e c o nsist e nt
3 3 5 wit h t h e fi el d d e p e n d e n c e of t h e g a p fr o m eit h er si n gl e-
3 3 6 i o n s pi n a nis otr o p y or t h e off- di a g o n al Γ t er m i n t h e  Kit a e v
3 3 7 i nt er a cti o n [ 4 3].
3 3 8 Fi g ur es 5( g) a n d 5(i) s h o w t h e s pi n- w a v e Q -E s p e ctr a at
3 3 9 z er o a n d 4. 5- T fi el d, r es p e cti v el y.  W hil e t h e o v er all s pi n-
3 4 0 w a v e i nt e nsit y d e cr e as es at 4. 5  T b e c a us e of t h e r ot ati o n of
3 4 1 t h e s pi n  m o m e nt dir e cti o n fr o m t h e c a xis t o t h e  CrI 3 pl a n e,
3 4 2 t h e s pi n g a p n e ar t h e  Dir a c p oi nt,  m ar k e d b y t h e  w hit e
3 4 3 v erti c al li n e i n Fi gs. 5( g) a n d 5(i) , s h o ws n o o b vi o us
3 4 4 c h a n g e. I n t h e J- K- Γ m o d el, t h e s pi n g a p o p e ns at t h e  Dir a c

3 4 5p oi nts b e c a us e t h e  N N  Kit a e v e x c h a n g e i nt er a cti o ns alt er-
3 4 6n at e b et w e e n t w o diff er e nt a nis otr o pi c b o n d- d e p e n d e nt
3 4 7t er ms al o n g t h e zi g z a g b o n ds [ 1 9]. Si n c e t h e  Kit a e v
3 4 8i nt er a cti o n  H a milt o ni a n H K is i n h er e ntl y s e nsiti v e t o t h e
3 4 9s pi n ori e nt ati o ns, s pi n- w a v e s p e ctr a of a J- K- Γ m o d el
3 5 0will c h a n g e dr asti c all y  w h e n t h e  m o m e nt dir e cti o n of
3 5 1t h e s pi ns is r ot at e d fr o m t h e c a xis t o t h e i n- pl a n e dir e cti o n
3 5 2b y a n e xt er n all y a p pli e d  m a g n eti c fi el d [ Fi gs. 5( b) – 5(f) ].
3 5 3W h er e as a  D M i nt er a cti o n-i n d u c e d s pi n g a p  w o ul d cl os e
3 5 4u nif or ml y u n d er a n i n- pl a n e fi el d t o pr es er v e t h e si xf ol d i n-
3 5 5pl a n e s y m m etr y of t h e s pi n- w a v e dis p ersi o n, t h e  Kit a e v
3 5 6i nt er a cti o n-i n d u c e d s pi n g a ps  will r es p o n d a nis otr o pi c all y
3 5 7d e p e n di n g o n t h e r el ati v e a n gl es b et w e e n t h e  w a v e v e ct or
3 5 8a n d fi el d dir e cti o n. F urt h er m or e, t h e fi el d-i n d u c e d c h a n g es
3 5 9i n s pi n- w a v e s p e ctr a  will n ot b e li mit e d ar o u n d t h e  Dir a c
3 6 0p oi nts i n t h e J- K- Γ m o d el.
3 6 1Fi g ur es 5( h) a n d 5(j) s h o w c al c ul at e d s pi n- w a v e Q -E
3 6 2s p e ctr a usi n g t h e J- K- Γ H a milt o ni a n  wit h t h e c a xis a n d i n-
3 6 3pl a n e  m o m e nt, r es p e cti v el y.  We us e t h e e x c h a n g e p ar a m-
3 6 4et ers t h at r e pr o d u c e t h e z er o fi el d s p e ctr a i d e nti c all y  wit h
3 6 5t h e  H eis e n b er g- D M  m o d el s h o w n i n Fi g. 3( b) [ 3 3] .  W hil e
3 6 6t h e z er o fi el d c al c ul ati o n a gr e es  w ell  wit h t h e d at a, t h e
3 6 74. 5- T s pi n- w a v e s p e ctr a ar e cl e arl y diff er e nt fr o m t h at of
3 6 8t h e c al c ul ati o n.  T h e d at a p oi nts i n Fi gs. 5( k) a n d 5(l) s h o w
3 6 9e n er g y- d e p e n d e nt s pi n  w a v es a cr oss t h e  Dir a c p oi nt at 0
3 7 0a n d 4. 5  T, r es p e cti v el y.  T h e s oli d li n es ar e s pi n- w a v e
3 7 1c al c ul ati o ns usi n g t h e J- K- Γ H a milt o ni a n  wit h t h e c a xis
3 7 2a n d i n- pl a n e  m o m e nts, c o nfir mi n g t h at t h e  H eis e n b er g-
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F 5: 1 FI G. 5.  T h e i n- pl a n e  m a g n eti c fi el d eff e cts o n s pi n  w a v es of c a xis ali g n e d  CrI 3 si n gl e cr yst als s h o w n i n t h e i ns et of ( h), a n d
F 5: 2 H eis e n b er g- Kit a e v  m o d el fit of t h e s p e ctr a. ( a)  T h e e x p eri m e nt al s et u p of i n el asti c n e utr o n s c att eri n g e x p eri m e nts,  w h er e a p pli e d fi el d is
F 5: 3 v erti c al a n d c a xis of t h e cr yst als is i n t h e li g ht-s h a d e d h ori z o nt al s c att eri n g pl a n e. ( b)  T h e r e ci pr o c al l atti c e s h o wi n g t h e s c a n dir e cti o n i n
F 5: 4 ( c– f).  T h e hi g h s y m m etr y p oi nts ar e s h o w n  wit h bl u e (M ), r e d (K ), a n d bl a c k (Γ ) d ots. ( c– f) S pi n  w a v e dis p ersi o ns of t h e  H eis e n b er g-
F 5: 5 Kit a e v  m o d el  wit h i n- pl a n e (r e d) a n d o ut- of- pl a n e ( bl a c k) s pi n ori e nt ati o ns. ( g, i) S pi n  w a v e E -Q s p e ctr a of  CrI 3 at 5  K i n z er o a n d 4. 5  T

F 5: 6 i n- pl a n e fi el ds, r es p e cti v el y.  T h e hi g h-s y m m etr y p oi nts ar e  m ar k e d o n t o p.  H er e Q i n t h e u nit of  Å1 i n di c at es t h e  w a v e v e ct or s
F 5: 7 pr oj e cti o n o n t h e ½H;  K pl a n e  wit h L ¼ ½ − 5 ; 5 i nt e gr ati o n. ( h, j)  C al c ul at e d E -Q s p e ctr a usi n g t h e  H eis e n b er g- Kit a e v  H a milt o ni a n at
F 5: 8 z er o a n d 4. 5  T fi el d, r es p e cti v el y. ( k, l)  C o m p aris o n of t h e e n er g y c uts b et w e e n e x p eri m e nts ( bl a c k d ot s) a n d c al c ul ati o ns (r e d li n e s)
F 5: 9 usi n g t h e  H eis e n b er g- Kit a e v  H a milt o ni a n at  Dir a c p oi nt i n 0  T a n d 4. 5  T, r es p e cti v el y.  T h e Q i nt e gr ati o n r a n g e of t h e e n er g y c uts is

F 5: 1 0 0. 5 5 – 0. 6 6  Å 1 c e nt er e d ar o u n d t h e K p oi nt ( ¼ 0 .6 0 8 Å 1 ), as s h o w n i n t h e l o n g  w hit e s h a d e d li n e i n ( g) a n d (i).
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3 7 3 Kit a e v  H a milt o ni a n cl e arl y f ails t o d es cri b e t h e  m a g n eti c
3 7 4 fi el d eff e ct o n s pi n  w a v es.
3 7 5 Fi g ur es 6( a) a n d 6( b) s h o w c al c ul at e d s pi n- w a v e Q -E
3 7 6 s p e ctr a usi n g t h e  H eis e n b er g- D M  H a milt o ni a n  wit h t h e c
3 7 7 a xis a n d i n- pl a n e  m o m e nt, r es p e cti v el y.  C o m p ar e d  wit h t h e
3 7 8 J- K-Γ H a milt o ni a n i n Fi gs. 5( h) a n d 5(j) , t h e  H eis e n b er g-
3 7 9 D M  H a milt o ni a n o b vi o usl y a gr e es  m u c h b ett er  wit h t h e
3 8 0 e x p eri m e nt al d at a i n Fi gs. 5( g) a n d 5(i) . Fi g ur e 6( c) s h o ws
3 8 1 t h e Q -E d e p e n d e n c e of s pi n  w a v es n e ar t h e  Dir a c p oi nt
3 8 2 wit h a n i n- pl a n e a p pli e d fi el d of 5. 0  T at 5  K, o bt ai n e d o n
3 8 3 c o ali g n e d si n gl e cr yst als of  CrI 3 o n  A R C S. Fi g ur es 6( d)
3 8 4 a n d 6( e) ar e t h e c orr es p o n di n g s pi n- w a v e s p e ctr a c al c ul at e d
3 8 5 usi n g t h e  H eis e n b er g- D M  H a milt o ni a n.  T h e d at a p oi nts i n
3 8 6 Fi g. 6(f) s h o w t h e  m a g n eti c fi el d diff er e n c e pl ot o bt ai n e d
3 8 7 fr o m Fi gs. 5( k) a n d 5(l) . It is cl e ar t h at t h e s oli d li n e
3 8 8 c al c ul at e d fr o m t h e  H eis e n b er g- D M  H a milt o ni a n c a n
3 8 9 a p pr o xi m at el y d es cri b e t h e d at a b ut  wit h a s m all d e vi ati o n
3 9 0 n e ar t h e  Dir a c p oi nt [ Fi gs. 6(f) a n d 6( g) ].
3 9 1 Fr o m t h e a b o v e dis c ussi o ns,  w e s e e t h at t h e J- K- Γ
3 9 2 H a milt o ni a n cl e arl y c a n n ot d es cri b e t h e o bs er v e d  m a g n eti c
3 9 3 fi el d d e p e n d e n c e of s pi n  w a v es i n  CrI3 .  W hil e t h e si m pl e
3 9 4 N N N  H eis e n b er g- D M  H a milt o ni a n c a n d es cri b e t h e o v er all
3 9 5 s p e ctr a a n d its  m a g n eti c fi el d d e p e n d e n c e, it  m a y h a v e
3 9 6 diffi c ult y i n d es cri bi n g t h e  m a g n eti c fi el d d e p e n d e n c e
3 9 7 of t h e  Dir a c s pi n g a p. Si n c e t h e l oss of tr a nsl ati o n al
3 9 8 s y m m etr y b et w e e n t h e t w o  Cr s u bl atti c e s pi ns of a n i d e al
3 9 9 h o n e y c o m b l atti c e c a n o p e n a s pi n g a p at t h e  Dir a c p oi nts,
4 0 0 it is i m p ort a nt t o d et er mi n e ot h er p ossi bl e ori gi ns f or t h e
4 0 1 o bs er v e d  Dir a c g a p.

4 0 2III.  DI S C U S SI O N

4 0 3I n pr e vi o us  w or k [ 1, 3 5– 3 9] , A -t y p e  A F or d er of  CrI3

4 0 4w as f o u n d t o b e ass o ci at e d  wit h t h e  m o n o cli ni c str u ct ur al
4 0 5p h as e eit h er n e ar t h e s urf a c e of t h e b ul k or i n t hi n-l a y er
4 0 6f or m (f or e x a m pl e, t h e bil a y er of  CrI3 ).  H o w e v er, it is
4 0 7u n cl e ar  w h y t h e  A F or d er i n bil a y er  CrI 3 h as  m o n o cli ni c
4 0 8cr yst al str u ct ur e,  w hi c h a p p e ars i n t h e p ar a m a g n eti c p h as e
4 0 9a b o v e T C of b ul k  CrI 3 [ 1, 3 5, 3 6].  Usi n g t h e  N N  A F a n d
4 1 0N N N F M i nt erl a y er c o u pli n g i n t h e r h o m b o h e dr al F M
4 1 1p h as e ( Fi gs. 1 a n d 2 ),  w e esti m at e t h at t h e i nt erl a y er
4 1 2st a c ki n g is still F M i n t h e bil a y er li mit [ 4 3], t h us r uli n g o ut
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F 6: 1 FI G. 6.  T h e  m a g n eti c fi el d eff e ct o n t h e  H eis e n b er g- D M  m o d el. ( a, b)  C al c ul at e d E -Q s p e ctr a of c a xis ali g n e d  CrI 3 usi n g t h e
F 6: 2 H eis e n b er g- D M  H a milt o ni a n  wit h 0 a n d 4. 5  T i n- pl a n e fi el ds, r es p e cti v el y. ( c) S pi n  w a v es of a f ull y c o- ali g n e d  CrI 3 si n gl e cr yst als n e ar
F 6: 3 t h e  Dir a c p oi nt al o n g t h e [H , H ] dir e cti o n  wit h a 5  T i n- pl a n e  m a g n eti c fi el d. ( d, e)  H eis e n b er g- D M  m o d el si m ul ati o n  wit h 0 a n d 5  T i n-
F 6: 4 pl a n e fi el d, r es p e cti v el y. (f)  T h e eff e ct of a  m a g n eti c fi el d o n s pi n  w a v e dis p er si o n n e ar  Dir a c p oi nt a n d its c o m p ari s o n  wit h t h e
F 6: 5 H eis e n b er g- D M c al c ul ati o ns. ( g)  C o nst a nt- Q c ut at t h e  Dir a c p oi nt ( ½H;  H ¼ ð 0 .3 ; 0 .3 7 Þ) o n t h e e x p eri m e nt al d at a a n d  M o nt e  C arl o
F 6: 6 si m ul ati o n s.  T h e e x p eri m e nt al d at a h as a c o nst a nt b a c k gr o u n d s u btr a ct e d.  T h e gr a y d ots s h o w i nt e nsit y i n cr e asi n g d u e t o hi g h er
F 6: 7 i nstr u m e nt al b a c k gr o u n d. ( h) S c h e m ati cs of t h e i n- pl a n e  D M i nt er a cti o n of a tri a n g ul ar s u bl atti c e i n o n e  Cr h e x a g o n.  T h e i n- pl a n e

F 6: 8 c o m p o n e nt of t h e  D M i nt er a cti o n ( D M k ) is p er p e n di c ul ar t o t h e t w o-f ol d r ot ati o n a xis b et w e e n t h e t w o  N N  Cr i o n s a c c or di n g t o t h e

F 6: 9 M ori y a s r ul e. (i) I n- pl a n e  D M i nt er a cti o ns r es p e cti n g t h e t hr e e-f ol d s y m m etr y of t h e l atti c e. (j)  A n e x a m pl e of i n- pl a n e  D M i nt er a cti o n s
F 6: 1 0 br e a ki n g t h e t hr e e-f ol d s y m m etr y of t h e l atti c e. ( k)  T h e c al c ul ati o n of s pi n  w a v e dis p er si o n  wit h i n- pl a n e s pi ns a n d i n- pl a n e  D M

F 6: 1 1 i nt er a cti o ns s h o w n i n r e d d as h e d li n e s (i) a n d bl a c k s oli d li n e s (j).  H er e  D Mk ¼ 0 .1 7 m e V.

T A B L E II.  Esti m at e d  m a g n eti c b o n di n g e n er gi es ass o ci at e d
wit h e a c h  Cr 3 þ at o m i n v ari o us cr yst al str u ct ur e a n d e x c h a n g e
c o u pli n gs [ 4 3].  R h o m a n d  m o n o i n di c at e r h o m b o h e dr al a n d
m o n o cli ni c l atti c e str u ct ur es, r es p e cti v el y. I n t h e h y p ot h eti c al
m o n o- b ul k a n d  m o n o- bil a y er c as es, t h e  N N a n d  N N N  m a g n eti c
e x c h a n g e c o u pli n gs ar e as s u m e d t o b e t h e s a m e as t h os e of t h e
r h o m- b ul k a n d r h o m- bil a y er, r e v e ali n g t h at t h e F M r h o m b o h e dr al
l atti c e str u ct ur e h as l o w er  m a g n eti c b o n di n g e n er g y.

Str u ct ur es J c 1 ( m e V) J c 2 ( m e V)  E n er g y ( m e V)

R h o m- b ul k, F M 0. 0 4 8 − 0 .0 7 1 − 1 .3 3
R h o m- bil a y er, F M 0. 0 4 8 − 0 .0 7 1 − 0 .6 6
M o n o- b ul k, F M 0. 0 4 8 − 0 .0 7 1 − 0 .2 1
M o n o- bil a y er, F M 0. 0 4 8 − 0 .0 7 1 − 0 .1 0
M o n o- b ul k,  A F 0. 0 3 7 0 − 0 .3 3
M o n o- bil a y er,  A F 0. 0 3 7 0 − 0 .1 7
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4 1 3 r h o m b o h e dr al  A F bil a y er str u ct ur e. If  w e c h a n g e t h e cr yst al
4 1 4 str u ct ur e t o  m o n o cli ni c b ut  m ai nt ai n t h e  N N a n d  N N N
4 1 5 c - a xis c o u pli n g i n b ul k  CrI3 , t h e  m a g n eti c b o n di n g e n er gi es
4 1 6 ar e hi g h er t h a n t h at of t h e r h o m b o h e dr al l atti c e str u ct ur e.
4 1 7 Fr o m  R a m a n s c att eri n g of bil a y er  CrI 3 , t h e s u m of t h e
4 1 8 i nt erl a y er  A F c o u pli n g i n  m o n o cli ni c str u ct ur e  w as f o u n d
4 1 9 t o b e a b o ut 0. 1 1  m e V [ 3 6].  Ass u mi n g t h at t h e  N N N
4 2 0 m a g n eti c e x c h a n g e is n e gli gi bl e,  w e esti m at e t h at t h e
4 2 1 N N  m a g n eti c e x c h a n g e i n t h e  m o n o cli ni c bil a y er is
4 2 2 J c 1 ¼ 0 .0 3 7 m e V [ 4 3].  Ta bl e II s u m m ari z es t h e t ot al
4 2 3 m a g n eti c b o n di n g e n er g y f or o n e  Cr 3 þ at o m i n diff er e nt
4 2 4 l atti c e a n d  m a g n eti c str u ct ur es [ 4 3].  We fi n d t h at t h e F M
4 2 5 bil a y er r h o m b o h e dr al str u ct ur e s h o ul d b e  m or e f a v or a bl e
4 2 6 t h a n t h e  A F bil a y er  m o n o cli ni c str u ct ur e, c o ntr ar y t o t h e
4 2 7 o bs er v ati o n. Si n c e  R a m a n e x p eri m e nts c a n o nl y d e d u c e t ot al
4 2 8 m a g n eti c e x c h a n g e al o n g t h e c a xis,  w e ar e u n a bl e t o
4 2 9 d et er mi n e t h e a ct u al  N N a n d  N N N  m a g n eti c e x c h a n g e
4 3 0 c o u pli n gs i n t h e  m o n o cli ni c str u ct ur e.  N e v ert h el ess, t h e
4 3 1 o bs er v e d  A F or d er i n t h e  m o n o cli ni c bil a y er s u g g ests t h at
4 3 2 s u c h a p h as e h as l o w er gr o u n d-st at e e n er g y c o m p ar e d  wit h
4 3 3 t h at of t h e F M r h o m b o h e dr al str u ct ur e i n b ul k or bil a y er
4 3 4 CrI 3 .  As t h e h y dr ost ati c pr ess ur e a p pli e d o n t h e  A F bil a y er
4 3 5 CrI 3 c a n r e d u c e t h e i nt erl a y er s p a ci n g a n d r ei ntr o d u c e t h e
4 3 6 r h o m b o h e dr al F M st at e [ 3 8],  w e e x p e ct t h at t h e  m o n o cli ni c
4 3 7 bil a y er  CrI 3 s h o ul d h a v e a l ar g er c - a xis  A F e x c h a n g e a n d
4 3 8 l atti c e p ar a m et er c o m p ar e d  wit h t h at of t h e r h o m b o h e dr al
4 3 9 bil a y er.  T his c as e is als o c o nsist e nt  wit h a r e d u c e d c - a xis
4 4 0 l atti c e c o nst a nt b el o w T C i n b ul k  CrI3 [ 6] a n d r e c e nt
4 4 1 si m ul ati o ns of tr a ns p ort  m e as ur e m e nts s u g g esti n g t h at t h e
4 4 2 l a y ers  m a y e x p a n d al o n g t h e c a xis t o  mi ni mi z e i nt er a cti o n
4 4 3 e n er g y a n d st a bili z e a diff er e nt  m a g n eti c c o u pli n g [ 5 2, 5 3].
4 4 4 We n ot e t h at t h e c olli n e ar  A F or d er i n ir o n p ni cti d es als o
4 4 5 e x p a n ds t h e l atti c e p ar a m et er al o n g t h e  A F or d eri n g dir e c-
4 4 6 ti o n [ 5 4, 5 5].  W hil e t h e  N N N i nt erl a y er e x c h a n g e c o u pli n gs
4 4 7 of b ul k  CrI 3 ulti m at el y d et er mi n es its F M gr o u n d st at e, t h e
4 4 8 A F i nt erl a y er c o u pli n g pr e v ails i n t h e  m o n o cli ni c bil a y er
4 4 9 CrI 3 [ 4 3].  T h es e r es ults s u g g est t h at t h e  m o n o cli ni c-t o-
4 5 0 r h o m b o h e dr al str u ct ur al p h as e tr a nsiti o n i n  CrI3 is dri v e n b y
4 5 1 r e d u ci n g t h e i nt erl a y er  m a g n eti c e x c h a n g e e n er g y.
4 5 2 Alt h o u g h o ur d at a r ul e o ut a p ur e  Kit a e v i nt er a cti o n a n d
4 5 3 el e ctr o n c orr el ati o ns as t h e  mi cr os c o pi c ori gi ns of t h e
4 5 4 o bs er v e d  Dir a c s pi n g a p, t h er e  m a y b e ot h er i nt er a cti o ns
4 5 5 i n a d diti o n t o t h e  N N N  D M t h at c o ntri b ut e t o t h e  Dir a c s pi n
4 5 6 g a p.  We c o nsi d er s e v er al p ossi biliti es. First, r e d u ci n g t h e
4 5 7 b ul k str u ct ur al s y m m etr y fr o m r h o m b o h e dr al t o  m o n o-
4 5 8 cli ni c, b y its elf,  will n ot o p e n a s pi n g a p at t h e  Dir a c p oi nt
4 5 9 b e c a us e s u c h a str u ct ur al p h as e tr a nsiti o n d o es n ot c h a n g e
4 6 0 t h e i n v ersi o n s y m m etr y of t h e  Cr h o n e y c o m b s u bl atti c e. If
4 6 1 a d diti o n al str u ct ur al d ef or m ati o ns ar e pr es e nt d u e t o, f or
4 6 2 i nst a n c e, t h er m al eff e cts, t h e i n v ersi o n c e nt er b et w e e n t h e
4 6 3 first  N Ns  w o ul d b e r e m o v e d,  w hi c h, i n ci d e nt all y,  w o ul d
4 6 4 all o w  D M i nt er a cti o ns t o e xist at t h at l e v el.  N e v ert h el ess,
4 6 5 w e s h o w i n t h e S u p pl e m e nt al  M at eri al [ 4 3] t h at t h e
4 6 6 i n cl usi o n of  D M at t h e first  N Ns d o es n ot o p e n a g a p at
4 6 7 t h e  Dir a c p oi nt.  We als o c o nsi d er a  H eis e n b er g  m o d el  wit h

4 6 8b ot h t h e  N N N  D M a n d  Kit a e v i nt er a cti o n [ 4 3].  B y usi n g a
4 6 9H eis e n b er g- D M  H a milt o ni a n  wit h diff er e nt  Kit a e v i nt er-
4 7 0a cti o n str e n gt hs t h at fits s pi n- w a v e s p e ctr a at 0  T,  w e c a n
4 7 1c o m p ar e t h e e x p e ct e d a n d o bs er v e d s pi n  w a v es u n d er a
4 7 24. 5- T fi el d a n d i n- pl a n e s pi n.  T h e r es ult i n di c at es t h at t h e
4 7 3Kit a e v t er m s h o ul d b e n e ar z er o i n or d er t o g et t h e b est fit t o
4 7 4t h e 4. 5- T s pi n- w a v e s p e ctr a [ 4 3].
4 7 5Alt er n ati v el y,  m a g n o n- m a g n o n i nt er a cti o ns  m a y p ot e n-
4 7 6ti all y aff e ct H D M ,  w hi c h c a n r es ult i n a g a p at t h e  Dir a c
4 7 7p oi nt.  W h e n hi g h er- or d er  H olst ei n- Pri m a k off tr a nsf or m a-
4 7 8ti o ns ar e c o nsi d er e d i n t h e d es cri pti o n of t h e s pi n i nt er-
4 7 9a cti o ns i n  CrI 3 , t hr e e- o p er at or pr o d u cts aris e  w hi c h  m a y
4 8 0c o ntri b ut e t o t h e g a p [ 4 3].  H o w e v er, si n c e  m a g n o n- m a g n o n
4 8 1i nt er a cti o ns i n  m ost  m a g n eti c  m at eri als ar e  w e a kl y e n er g y
4 8 2a n d  w a v e v e ct or d e p e n d e nt, a n d t y pi c all y o c c ur at e n er gi es
4 8 3a b o v e t h e si n gl e  m a g n o n s c att eri n g, t h e y ar e u nli k el y t o
4 8 4gi v e ris e t o t h e o bs er v e d s pi n g a p at t h e  Dir a c p oi nts.
4 8 5Fi n all y,  w e e n visi o n t w o  m e c h a nis ms t h at  m a y all o w t h e
4 8 6s pi n g a p at t h e  Dir a c p oi nt t o r e m ai n o p e n u n d er a n i n- pl a n e
4 8 7s pi n- p ol ari zi n g fi el d:  T h e first is t h e s u bl atti c e s y m m etr y
4 8 8br e a ki n g, a n d t h e s e c o n d is t h e t hr e ef ol d r ot ati o n al s y m-
4 8 9m etr y br e a ki n g of t h e i d e al h o n e y c o m b l atti c e of  CrI 3 .
4 9 0We first dis c uss t h e p ossi bl e s u bl atti c e s y m m etr y br e a k-
4 9 1i n g of a n i d e al h o n e y c o m b l atti c e. Fr o m s pi n- w a v e s p e ctr a
4 9 2i n Fi gs. 2 a n d 3 ,  w e k n o w t h at t h e t w o  Cr3 þ i o ns of diff er e nt
4 9 3s u bl atti c es  wit hi n t h e h o n e y c o m b u nit c ell i nt er a ct n ot
4 9 4o nl y vi a t h e i ntr al a y er  N N i nt er a cti o n J 1 b ut als o t h e
4 9 5i nt erl a y er  N N J c 1 ,  w hi c h is  A F a n d dir e ctl y al o n g t h e c a xis
4 9 6[ Fi g. 1( a) ].  W h er e as b ot h b o n ds ar e bis e ct e d b y t h e
4 9 7str u ct ur al i n v ersi o n c e nt ers, r es p e cti v el y, t h e i nt erl a y er
4 9 8A F e x c h a n g e c o u pli n g J c 1 will f a v or a br e a ki n g of t h e
4 9 9i n v ersi o n s y m m etr y b et w e e n t h e t w o  Cr s u bl atti c e s pi ns.  As
5 0 0a r es ult, if t h e t w o  Cr 3 þ i o ns  wit hi n a u nit c ell h a v e s pi ns of
5 0 1u n e q u al  m o m e nts ( d u e t o e n vir o n m e nt al d ef e cts s u c h as  Cr
5 0 2a n d/ or I v a c a n c y) [ 5 6], a n e n er g y g a p  will a p p e ar at t h e
5 0 3Dir a c p oi nts  wit h o ut si g nifi c a ntl y aff e cti n g s pi n  w a v es at
5 0 4ot h er  w a v e v e ct ors.
5 0 5It is  w ell k n o w n t h at t h e i nt erl a y er  m a g n eti c or d er i n  CrI3

5 0 6s wit c h es fr o m  A F t o F M as t h e n u m b er of st a c k e d v d W
5 0 7l a y ers i n cr e as es fr o m t h e bil a y er t o t h e b ul k, a c c o m p a ni e d
5 0 8b y a str u ct ur al tr a nsiti o n fr o m  m o n o cli ni c t o r h o m b o h e dr al
5 0 9st a c ki n g al o n g t h e c a xis [ 5 7– 6 2] . I n a d diti o n, a s m all
5 1 0(< 3 T) i n- pl a n e  m a g n eti c fi el d c a n e asil y tr a nsf or m  A F
5 1 1or d er e d  m ultil a y er  CrI 3 i nt o a f err o m a g n et [ 6 3].  E v e n i n t h e
5 1 2b ul k s a m pl es, t h e s urf a c e l a y ers ar e r e p ort e d t o h a v e  A F
5 1 3m o n o cli ni c str u ct ur e t h at c a n b e t u n e d b y a c - a xis ali g n e d
5 1 4m a g n eti c fi el d of a f e w  Tesl a [ 3 9].  W hil e t h es e r es ults
5 1 5i n di c at e  mi n or e n er g y diff er e n c es i n r h o m b o h e dr al a n d
5 1 6m o n o cli ni c str u ct ur es of  CrI 3 , t h e y s u g g est t h at t h e  Cr
5 1 7h o n e y c o m b l atti c e  m a y h a v e s u btl e  N N i n v ersi o n s y m-
5 1 8m etr y- br e a ki n g str u ct ur al dist orti o ns t h at ar e r es p o nsi bl e
5 1 9f or t h e o bs er v e d  Dir a c s pi n g a p [ 5 6].
5 2 0We n e xt c o nsi d er t h e fi el d-i n d u c e d br e a ki n g of t h e
5 2 1t hr e ef ol d s y m m etr y of t h e i n- pl a n e  D M v e ct ors. Si n c e
5 2 2t h e  N N N  D M i nt er a cti o n  m ust i n v ol v e t h e i o di n e at o ms, t h e
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5 2 3 mirr or s y m m etr y of t h e si m pl e h o n e y c o m b l atti c e is l ost,
5 2 4 wit h o nl y t h e t w of ol d r ot ati o n a xis r e m ai ni n g [ 4 3]. As a
5 2 5 r es ult, t h e  D M v e ct or is n ot c o nstr ai n e d t o b e o ut of pl a n e
5 2 6 a n d c a n h a v e i n- pl a n e pr oj e cti o ns.  T his ar g u m e nt h ol ds as
5 2 7 l o n g as t h e  D M v e ct or is p er p e n di c ul ar t o t h e t w of ol d
5 2 8 r ot ati o n a xis a c c or di n g t o  M ori y a’s r ul e [ Fi g. 6( h) ]. I n t h e
5 2 9 c as e  w h er e n o  m a g n eti c fi el d is a p pli e d, t h e s pi ns ar e
5 3 0 ali g n e d al o n g t h e c a xis, a n d o nl y t h e  D M v e ct or c o m p o-
5 3 1 n e nt p ar all el t o t his dir e cti o n c a n o p e n t h e  Dir a c g a p. I n t h e
5 3 2 sit u ati o n  w h er e a n i n- pl a n e a p pli e d  m a g n eti c fi el d is str o n g
5 3 3 e n o u g h t o r ot at e t h e c a xis ali g n e d s pi ns i nt o t h e  CrI 3 pl a n e,
5 3 4 t h e t hr e ef ol d s y m m etr y of t h e i n- pl a n e  D M v e ct ors  will
5 3 5 c a n c el o ut  w h e n d et er mi ni n g t h e s pi n- w a v e e n er g y at t h e
5 3 6 K p oi nt, t h us yi el di n g n o c o ntri b uti o n t o t h e  Dir a c g a p
5 3 7 [ Fi gs. 6(i) a n d 6(j) ].  H o w e v er, if t h e i n- pl a n e  D M v e ct or
5 3 8 br e a ki n g t h e t hr e ef ol d s y m m etr y is i n d u c e d b y t h e
5 3 9 a p pli e d fi el d, t h e n it  will c o ntri b ut e t o o p e ni n g a  Dir a c
5 4 0 g a p [ Fi g. 6( k) ].  T his pr o c ess  will r e q uir e a si g nifi c a nt fi el d-
5 4 1 i n d u c e d s y m m etr y br e a ki n g of t h e i n- pl a n e  D M  w h os e
5 4 2 e n er g y s c al e s h o ul d b e si mil ar t o t h e o ut- of- pl a n e  D M
5 4 3 t er ms (∼ 0 .1 7 m e V).  W hil e a c a xis ali g n e d  m a g n eti c fi el d
5 4 4 of a f e w  Tesl a is k n o w n t o br e a k t h e l atti c e s y m m etr y of
5 4 5 CrI 3 [ 3 9], t h er e is c urr e ntl y n o dir e ct e x p eri m e nt al pr o of
5 4 6 t h at a n i n- pl a n e  m a g n eti c fi el d of a f e w  Tesl a  w o ul d br e a k
5 4 7 t h e t hr e ef ol d s y m m etr y of t h e cr yst alli n e l atti c e i n  CrI3 .
5 4 8 N e v ert h el ess,  w e c o ul d esti m at e a b a n d g a p of ∼ 1 .1 m e V
5 4 9 usi n g t h e p ar a m et ers e xtr a ct e d fr o m o ur d at a,  w hi c h
5 5 0 u n d er esti m at es t h e g a p v al u e o bt ai n e d fr o m t h e e x p eri-
5 5 1 m e nts d u e t o t h e  m os ai cit y eff e ct [ 4 3].  T his c o nj e ct ur e
5 5 2 s u g g ests t h at t h e  Cr l atti c e, as  w ell as its h ali d e s u bl atti c e,
5 5 3 c o ntri b ut es t o t h e t o p ol o gi c al s pi n f e at ur es o bs er v e d
5 5 4 i n  CrI3 .

5 5 5 I V.  C O N C L U SI O N S

5 5 6 I n s u m m ar y,  w e us e d i n el asti c n e utr o n s c att eri n g t o st u d y
5 5 7 t h e i m p a ct of a n i n- pl a n e  m a g n eti c fi el d o n s pi n  w a v es of
5 5 8 CrI 3 .  At z er o fi el d,  w e c o m pl et el y d et er mi n e d t h e  m a g n eti c
5 5 9 e x c h a n g e c o u pli n gs al o n g t h e c a xis b y c ar ef ull y  m e as uri n g
5 6 0 c - a xis s pi n- w a v e dis p ersi o ns at diff er e nt i n- pl a n e  w a v e
5 6 1 v e ct ors.  We fi n d t h at t h e  N N c - a xis  m a g n eti c e x c h a n g e
5 6 2 c o u pli n g is  A F a n d t h e  N N N  m a g n eti c e x c h a n g e c o u pli n gs
5 6 3 ar e F M.  T h es e r es ults t h us i n di c at e c o e xisti n g  A F a n d F M
5 6 4 e x c h a n g e i nt er a cti o ns b et w e e n t h e h e x a g o n al l a y ers of
5 6 5 CrI 3 .  We als o c o nfir m e d t h e pr es e n c e of a s pi n g a p at t h e
5 6 6 Dir a c p oi nts at z er o fi el d a n d f o u n d t h at a n i n- pl a n e
5 6 7 m a g n eti c fi el d t h at c a n r ot at e t h e  m o m e nt fr o m t h e c a xis
5 6 8 t o t h e  CrI3 pl a n e als o  m o difi es t h e s pi n- w a v e s p e ctr a a n d
5 6 9 s pi n g a p at  Dir a c p oi nts.  T h es e r es ults c a n c o n cl usi v el y r ul e
5 7 0 o ut t h e J- K- Γ H a milt o ni a n a n d el e ctr o n c orr el ati o ns as
5 7 1 ori gi ns of t h e  Dir a c s pi n g a p.  W hil e t h e fi el d d e p e n d e n c e of
5 7 2 t h e  Dir a c s pi n g a p  m a y n ot b e c o m pl et el y u n d erst o o d
5 7 3 wit hi n t h e  N N N  H eis e n b er g- D M  H a milt o ni a n, t h e r es ults
5 7 4 s u g g est t h e pr es e n c e of a l o c al s u bl atti c e or t hr e ef ol d
5 7 5 r ot ati o n al s y m m etr y br e a ki n g of t h e i d e al h o n e y c o m b
5 7 6 l atti c e i n  CrI3 .  O ur r es ults t h er ef or e fir ml y est a blis h t h e

5 7 7mi cr os c o pi c s pi n  H a milt o ni a n i n  CrI 3 a n d pr o vi d e a n e w
5 7 8u n d erst a n di n g of t o p ol o g y- dri v e n s pi n e x cit ati o ns i n 2 D
5 7 9v d W  m a g n ets.

5 8 0A C K N O W L E D G M E N T S

5 8 1We ar e gr at ef ul t o Fr a n z  G.  Ut er m o hl e n,  N a n di ni
5 8 2Tri v e di,  A d a m  Ts e n,  Z ur a b  G u g u c hi a,  Li u y a n  Z h a o, a n d
5 8 3R ui  H e f or h el pf ul dis c ussi o ns.  T h e n e utr o n s c att eri n g a n d
5 8 4s a m pl e gr o wt h  w or k at  Ri c e is s u p p ort e d b y  U. S.  N S F-
5 8 5D M R- 1 7 0 0 0 8 1 a n d b y t h e  R o b ert  A.  Wel c h F o u n d ati o n
5 8 6u n d er  Gr a nt  N o.  C- 1 8 3 9 ( P.  D.).  T h e  w or k of J.  H.  C.  w as
5 8 7s u p p ort e d b y t h e  N ati o n al  R es e ar c h F o u n d ati o n ( N R F)
5 8 8of  K or e a ( Gr a nts  N o. 2 0 2 0 R 1 A 5 A 1 0 1 6 5 1 8 a n d
5 8 9N o. 2 0 2 0 K 1 A 3 A 7 A 0 9 0 7 7 7 1 2).  E. J.  G. S. a c k n o wl e d g es
5 9 0c o m p ut ati o n al r es o ur c es t hr o u g h t h e  CI R R U S  Ti er- 2  H P C
5 9 1S er vi c e ( e c 1 3 1  Cirr us Pr oj e ct) at  E P C C f u n d e d b y t h e
5 9 2U ni v ersit y of  E di n b ur g h a n d  E P S R C ( E P/ P 0 2 0 2 6 7/ 1);
5 9 3a n d  A R C H E R  U K  N ati o n al S u p er c o m p uti n g S er vi c e vi a
5 9 4Pr oj e ct d 4 2 9.  E. J.  G. S. a c k n o wl e d g es t h e  E P S R C  E arl y
5 9 5C ar e er F ell o ws hi p ( E P/ T 0 2 1 5 7 8/ 1) a n d t h e  U ni v ersit y of
5 9 6E di n b ur g h f or f u n di n g s u p p ort.  A p orti o n of t his r es e ar c h
5 9 7us e d r es o ur c es at t h e S p all ati o n  N e utr o n S o ur c e, a  D O E
5 9 8Offi c e of S ci e n c e  Us er F a cilit y o p er at e d b y t h e  O a k  Ri d g e
5 9 9N ati o n al  L a b or at or y.

6 0 06 0 1
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6 0 4( L o n d o n) 5 4 6 , 2 7 0 ( 2 0 1 7).
6 0 5[ 2]  C.  G o n g et al. , Dis c o v er y of I ntri nsi c  F err o m a g n etis m i n
6 0 6T w o- Di m e nsi o n al v a n d er  W a al s  Cr yst als , N at ur e ( L o n d o n)
6 0 75 4 6 , 2 6 5 ( 2 0 1 7).
6 0 8[ 3]  Z.  Z h a n g, J. S h a n g,  C. Ji a n g,  A.  R as mit a,  W.  G a o, a n d  T.
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6 1 8[ 6]  M.  A.  M c G uir e,  H.  Di xit,  V.  R.  C o o p er, a n d  B.  C. S al es,
6 1 9C o u pli n g of  Cr yst al Str u ct ur e a n d  M a g n etis m i n t h e
6 2 0L a y er e d,  F err o m a g n eti c I n s ul at or CrI 3 , C h e m.  M at er. 2 7 ,
6 2 16 1 2 ( 2 0 1 5) .
6 2 2[ 7]  M.  A.  M c g uri e, Cr yst al a n d  M a g n eti c Str u ct ur e s i n L a y-
6 2 3er e d, Tr a nsiti o n  M et al  Di h ali d es a n d Tri h ali d es , Cr yst al 7 ,
6 2 41 2 1 ( 2 0 1 7) .
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