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A	New	2D	Material:	Black	phosphorus 

1.	Research	Mo+va+ons:	experimental	aspects 



BP：direct	band	gap	
									op%cal	&	electronic	proper%es 

Superior	electrical	proper+es:	high	mobility	(~1000cm2/Vs),		very	
large	turn-off	ra+o	(~10000)，comparable	to	tradi+onal	Si 

Wei	Ji,	Nature	Commun.	
(2014) 



Topological	origin	of	3D	Dirac	Sememetal	? 
Topology	of	Crystal	Structure:	nonsymmorphic	symmetry	
	

Under	ambient	&	pressure,	space	group	of	BP,	Cmca,		
	

Symmetry	opera%on	elements:		glide	planes			
	

Gibson	&	Cava,	et	al.	2015,	Phys.	RevB.	91.	205128 



•  																																																																																								Weng,	Fang,	Dai	
•  																				 	 	 	 	 	 	<<Physics>>，	
•  																																																																																									2015	

Why	3D	Dirac	Semimetals	interested	? 



BP	in	hydrosta+c	pressure:	Phase	diagram	&	S-M	transi+on 

X.-H.	Chen	group,	PRL	115,	186403	(2015) 

Resis%vity	-	T 

Pc	~	1	Gpa Semicond.-metal	transi%on	 

Phase	Diagram 

4.2	GPa:	orthorhombic	--	>	rhombohedral	
10.8	GPa:	rhombohedral	--	>	simple	cubic 



•  Nontrivial	topological	proper%es	of	3D		Dirac	semimetal?	
•  (a).	Band	inversion,	Dirac	points	&	linear	energy	spectrum	?	
•  (b).	3D	form	of	2D	graphene:	gapless	topological	semimetals	
•  (c).	In	the	cri%cal	point	of	various	topological	materials	
•  (d).	Fermi	arc	on	surface,	large	g	factor,	linear	MR,	….		

•  3D	Dirac	Semimetals,	derived	through	modifying	field/parameters:	
•  (e).	Topological	Insulators	
•  (f).		Weyl	semimetals		
•  (i).		Topological	SC:	gapless	zero	energy	mode	:	Majorana	fermions	
•  (j)……		

What	happen	in	BP:	pressure	+	magen+c	field 

	Research	Mo+va+ons: 



2.	Electronic	structures	under	pressure 

Exchange-correla+on	poten+al:	
•  PBE	
Band	gap	correc+ons	
•  mBJ	
•  HSE	
Structure	op+miza+on	
•  Vdw:	opt-vdw 

Methods:	VASP,	Quatum	Essepresso,	WIEN2K,	 



Evolu+ons	of	Band	structures	with	pressure 

S-M	transi%on:	P_c=1.23	eV	
 



DOS	&	Dirac	Cones：3D	Dirac	Semimetal 
P=1.23	Gpa:	3D	Dirac	Semimetal 



Fermi	surface	evolu%on	with	pressure:	
Lifshitz	transi%on	
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Fermi	surfaces	&	Band	structures 

P=2.5	Gpa 

Top	view 

Side	view 

Chen	&	Zou.,	Phys.	Rev.	LeC.	115,	186403	(2015)	
Zou	et	al.	in	Phys.	Rev.	B	95,	195434	(2016).	



3.	3D	Dirac	Semimetal	in	Pressured		BP:		
													Strong	Magne+c	Field	Effect	 		  

 Layered Graphite Semimetal  ZrTe5: 3D Dirac Semimetal 

 Anomolous increase in Rxx: 
Why? Exciton condensation 
     Charge density wave 
     Spin density wave 
     …   still hotly debated 



 Similar	to	ZrTe5,	bulk	BP	has	symmetry	of	D_2h	point	group	below	P<4.5	Gpa:	
	
At	P	around	Pc	for	3D	Dirac	semimetal,	we	have	linear	Dirac	spectrum		
		

Model	Hamiltonian	of	3D	Dirac	Semimetal	BP 
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Landau	Guage:	Landau	level	quan%za%on	in	xy	plane;	free	mo%on	in	z-axis 
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   One	gets	cri%cal	magne%c	field	B*	is	about																			T,	so	the	on-site	repulsive	Hubbard	model	is	not	
applicable	!	
	
	(b)	Long-range	Screened	Coulomb	Interac%on:	
	
																		 

Focus	on	the	quantum	limit:	Landau	level	index	n=0	
				(a)	on-site	Coulomb	Interac%on:	
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Chiral	SDW	order	parameter: 
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	SDW	order	parameter:	
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Self-consistent	equa%on	for	energy	gap	of	SDW:																																																																																																									

 
 

 
here	the	screening	constant	ks	is	comparable		
with	Fermi	wavevector              ，	
the	rela%ve	dielectric	constant	=4，carrier				
																															is	taken	from	the	experimental	
observa%on.				
	
Why	not	CDW	?		weak	e-ph	coupling	in	BP	
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 SDW of 3D Dirac semimetals 

 
 

 
Fig.1a.	Depend.	of	energy	gap	on	applied	field													Fig.1b	Depend.	of	cri%cal	field	Bc	on	T		
																																																																																																											Black:	theory.	Red:	recent	exp.	
	
Why	SDW	chiral	?		Dirac	par%cles	are	chiral,	par%cular	spins	form	density	wave		
	
				we	expect	more	exci%ng	proper%es	in	the	future.		
	



4.	Summary	 
						Hydrosta+c	pressure	effects:	confirmed	
•  At	P=0,	gap	~	0.27	eV	(mBJ)	or	0.34	(HSE)	
•  Pc	=1.23	GPa:	semicond.-metal	transi%on		è	Lifshitz	transi%on	
•  P	~	1.5	GPa:		Dirac	points	appear	near	Z	point	
•  P>2.5	GPa:				2	Fermi	pockets	(hole	&	electron)	+	a	Dirac	point	

•  Strong	Magne+c	Field	Effects:	predicted	
•  A	3D	Dirac	semimetal-SDW	transi%on	
•  SDW	cri%cal	magne%c	field	Bc	≈	15	T	at	T=2	K	
•  Cri%cal	field	Bc	approx.	linearly	increases	with	T	

•  Expect	more	rich	quantum	phases	in	3D	Dirac	semimetals 



Thanks	for	your	aCenEon	! 


