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We propose novel interaction-based routes to half-mesaé $or interacting electrons on two-dimensional
lattices. Magnetic field applied parallel to the lattice &d to tune one of the spin densities to a particular
commensurate with the lattice value in which the system tgmmously ‘locks in’ via van Hove enhanced
density wave state. Electrons of opposite spin polarirat@tain their metallic character and provide for the
half-metal state which, in addition, supports magnetimaglateau in a finite interval of external magnetic field.
Similar half-metal state is realized in the finite-U Hubbarddel on a triangular lattice a3 of the maximum
magnetization.

PACS numbers: 71.10.Fd, 72.25.-b,75.30.-m

Spin systems supporting robust magnetization plateauran) magnetic field, applied parallel to the two-dimensiona
whereby macroscopic magnetizatidf is fixed at a rational triangular lattice.
fraction of the full (saturated) magnetization vallig,; in a

finitc_e interyal of externa_l magnetic ﬁelhll < h_ < ho are tuning density of majority (say, spin-up) electronsto a spe-
subject of intense experimental studiésg]. Typically these  ific value §/4), commensurate with the triangular lattice, at

materiz_;tls are magnetic insulatqrs which are well descrld;e_d which the Fermi surface (FS) passes van Hove points with
the_Helsenberg-type models Wlth short-range exchange '”telogarithmically divergent density of states (Figute De-
actions between localized spins. pending on the total electron density= n+ + n|, the FS
One of the best understood and studied plateau states is tBeminority (spin-down) electrons may or may not be affected
up-up-down (UUD) magnetization plateau/dt = 3 M. in  py the interactions, but in any case retains its metallia<ha
the triangular lattice antiferromagné@ [7]. Itis aremarkably  acter. The resulting ground state is a half-metallic magne-
stable state known to survive significant spatial deforamati tjzation plateau of\/ = (% — ny) My, with ferrimagnetic
of exchange integrals in both quantum (spin 1/2) and classitup-down-down-down) collinear spin structur@ /M., is
cal versions of the modeBf10]. The basic reason for the generallyirrational. This novel state has no analogs in the
stability lies in thecollinear structure of the UUD configura- |argeJ limit of the Hubbard model and displays coexisting
tion. Collinearity preserves (d) symmetry of the Hamilto-  spin- andcharge-density wave orders. Theoretical analysis of
nian with respect to the magnetic field axis. The only brokenhis limit bears strong similarities with recent propogai4-
symmetry is then the discrete translational symmetry dinee  19] of collinear and chiral spin-density wave (SDW) and su-
unit cell consists of two up and one down spin. This ensureperconducting states of itinerant electrons on honeycab |
the absence of the gapless (Goldstone) modes in the spectrie in vicinity of electron filling factors$/8 and5/8 at zero
leading to the enhanced stability. magnetization. The collinear SDW order there spontangousl
Since the Heisenberg model is the low-energy approximabreaks spin-rotational symmetry of the Hamiltonian andtis a
tion to the larget//¢ limit (¢ is the hopping integral anti is ~ companied by gapless collective excitatioB§][which drive
on-site interaction energy, see below) of the half-filledbHu the competition between the collinear and chiral SDW atdinit
bard model, thensulating magnetization plateau state is fa- temperaturel6]. This complication is absent in our problem
vored by strong electron-electron interactions. What eagp where external magnetic field sets direction of the collinea
to the1/3 magnetization plateau state &gt is reduced and SDW. The resulting half-metallic state breaks only diseret
electrons delocalize is one of the key questions of our study translational symmetry of the lattice and is stable to flaetu
A different class of magnetization plateau materials is pro tions of the order parameter about its mean-field value.

The weak-coupling route, described below first, relies on

vided by half-metallic ferromagnets}-13] in which by Next we describe thestrong coupling (large/) route
virtue of peculiar electronic structuedl conduction electrons gnd show that\f = %Msat magnetization plateaunf =

have the same spin orientation. In their simplest versid¢h ha 2/3 »n, = 1/3), present in thd//t — oo limit, survives
metallic materials are then fully saturatéd, = Ms.¢. These  down toU,, /t ~ 4.3, which is significantly lower than the
materials are conductors and are well understood in terms Qfero-magnetization critical valug o0- /t ~ 10 below which
non-interacting electron picturé 1-13]. the three-sublattic&20° magnetic order melts as the system
The aim of our work is to unite these phenomena by propostransitions to a quantum spin-liquid sta#lf23]. Quite in-
ing two newinteracting routes to thénalf-metallic magnetiza-  terestingly, we find that in the intervéll; < U < U.p =~ 4.8t
tion plateau states. Both routes require finite externaé{Ze the UUD state is dalf-metal with mobile majority (spin-up)



FIG. 1: (Color online) The non-interacting Fermi surfacésgmin-up
and spin-down electrons (top) &f2 magnetization and the recon-
structed fermi surface of spin-down electronsyagft = 0.1 (bot-
tom). The thick black and the dashed hexagons are the filgh@r

zones under the unfolded and folded scheme. The red hextmon,

Fermi surface of the spin-up electron, is perfectly nestedirnear
combinations of three wave vectors (the arrows). The daghgule
circle is an example of the hot-spot-free Fermi surface of-spwn
electrons in the hole doped system.

electrons.

Weak-coupling analysis is based on the extended Hubbard

model on triangular lattice:

H = —tz c L Crio + hec) —l—Uanani—i—Vannr

(rr’)
_Z (/L+ _) CroCro-

Here(rr’") labels nearest neighbour bonflss U/t, V/t < 1

1)

are onsite and nearest neighbour repulsive interactians, r
spectively. For now we set the average electron density at

n=(n;) = (nit +n;) = 1.
The Zeeman fieldy, normalized to include the usugl:p
factor, is tuned to producé/ = %Msat magnetization so

2

that on averagei, = 3/4 andn; = 1/4 per site. Un-
der this condition the FS of spin-up electrons (Figljes
given by a perfect hexagon whose vertices, located at the M
points of the first Brillouin zone (BZ), are van Hove (saddle)
points of the dispersion with vanishing Fermi velocityd].
These saddle points have the (logarithmically) divergieg-d
sity of states which leads to singular susceptibility (see b
low). They are connected by the wave vect@s= %ﬁ and
Q23 = Frt — \/lgg] (Fig. 1), which are halves of the cor-
responding reciprocal lattice vectd@s, 2 3 [14]. In addition,
parallel faces of the FS are perfectly nested by linear combi
nations ofQ’s. Spin-down FS is nearly circular (Fig) with
no special features.

The special role of the wave vectd®y - 3 is conveniently
quantified by charge susceptibilify, (q) of spino electrons
defined as

Nk,o — Nk+tq,0

€k = €k+q

Xo NZ

Here N is the number of sitesy ., is the occupation number
of fermions with spinc and momentunk and

i,
2")

)

€x = —2t(cos kz + 2 cos % cos 3)
is the free-particle dispersion. Straightforward caltiola,
outlined in 4], shows thatyx;(Q,) is strongly divergent,
while x| (Q,) is finite,

G5 A 1
XT(Qa) = —Thl (q—o), CT_%’ (4)
C
x(Qa) = ——F, Cy ~ 0.136. )

HereA ~ 7/ais the ‘size’ of the BZ ¢ is the lattice spacing)
while gy ~ 1/L is the microscopic cut-off which scales as the
inverse linear size of the lattide ~ v/Na.

Eqg. (4) suggests strong modulation of densityjat +Q,
which motivates the following mean-field ansatz

3
+ Mo Z cos(Q

a=1

240
<n7‘,a> T

a’ I‘), (6)

where indexo describes two spin projections, =1= +1
andoc =|= —1. The average electron densities =
> .(nro)/N are not affected by finite order parameters,
andn; = 3/4, whilen; = 1/4. Ansatz ) allows us to
approximate 1) as

1
H = Z(ek - ug)czacka + 5 Z ya(cltackJrQaa +h.c)
k,o

+3NV(my +my)? — 3NUmqm,,
Yo =Um_ys — 2V (my + my),

k,o,a
(@)
(8)

The amplitudes of density modulation of spirelectrons are
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determined self-consistently nery, < 0.226. Under this condition, and for weak interactions
U,V « t, the FS of spin-down electrons is not affected at all.

My = 3LN Z cos(Qq - 1) (Nr.o) In either case, the result is’_nalf-metal where spin fluctuatiqns
o are gapped andl conducting electrons have spin opposite to

Yo Mo — Nt Qo0 the direction of the external field.
— J7 ’ @) 9) . - . .
3N ek — frq YoXo(Qa), ( Relaxing half-fillingn = 1 condition makes the proposed
k.a ‘ half-metal state easier to achieve experimentally. Tha ide
where dispersiod, is determined by the mean-field Hamil- to first adjust the total electron density to be sufficientbse,

; . _ : but not quite at, van Hove singularity. Next, apply magnetic
tonian (7). We findm, = C (V — U/2 t, which means ) X ) _ -
im, | <<(7|)mT| and ™ a /2ma/ field to drive (say, spint) towards density-wave instability

while at the same time de-tuning spjrsubsystem away from

Cr. o (A o U o\ 1 it. As shown in p4] for the two lattice geometries, square and

T In (a) = (V + T(V - 5) ) ‘ (10) honeycomb (graphene), choosing total density properly one
can achieve the desired half-metal state with relativelglsm

The main effect of interactiop in (7) is to provide an infra-  field » < 0.02¢. Takingt = 0.3 eV results in the estimate

red cut-offg; ~ |y;/t|'/? in the susceptibility 4) of spin-up A ~ 100 T.

electrons at the van Hove points. This leads to the finaltesul Srong coupling limit. We turn to the question o/ =

%Msat plateau which exists in the opposite limit of strong in-

my = — A%t teractionsU > t. To make connection with the insulating
V+ %(V —U/2)? magnetization plateau phase of the Heisenberg spin model we
T setV = 0, keeping total densityy = 1 and introduce the
X exp <_ - ) . (11) following mean-field ansatz:
ChV + (v~ U/2) L
. . . . (Neo) = = + = — 25 cos(Q - 1) (12)
Non-analytic dependencewf on interaction amplitudegs, 2 6

is determined by van Hove points. The signmef is chosen whereQ = 47 ; describes the UUD patternas(Q - r) takes

; : 3
such that the FS of spin-up electrons is gappedafbmo- 414651, 172, —1/2 on the triangular lattice.) Parameters

menta_l. We checked that the oppos.ite sign leads t9 a quadfa%g are determined self-consistently by the equations sirtolar
touching of the top two bands &tpoint and results in a state (9). Solving them numerically we find discontinuous jump of

of h'ghef energy34]. . 7, from zero to finite values whelii > 4.30¢ for a range of.
Equations®) and (L1) show that the ground state is a super- ; ; ;

" : > _ny andn, are in general different so that the system displays a
position of commensurate charge-density and collinear-spi ¢, qyistence of the spin-density and charge-density wave o
density waves)_,_, cos(Q, - r) takes values, —1, —1, - ders p4). Interestingly, it is the spin-down electrons that are
on the sites of triangular lattice = (x,y) = dia; + dzas, gapped while the spin-up electrons remain gapless aroend th
v_vhereal = (1,0) andag_ = (1/2,V/3/2) are elementary lat- Fermi energy (Figur@). Spin-down electrons fill completely
tice vectors and, » are integers. We stress that the perfectly,,o |owest of the three bands, (k) in the folded Brillouin
nested FS of spin-up ele(_:trons is cru_cial for _the spin-up-ele zone, while the spin-up ones fill the two lowest bandsk).
trons to be gapped at arbitrary weak interaction. For even stronger interactidi > 4.80¢, the two upper spin-

In the absence of direct density-density interactions 0, up bands also get separated by a gap which turns the half-
the order parameter scalesas- exp (—const/U). Theden- oo state into an insulator with collinear UUD pattern of
sity wave of spin-up electrons in this case is driven by the ef |, magnetization

fective interactionx x, U2 mediated by spin-down electrons,

since the onsite rgpulsi(iﬁcz)nly couples electrons of 0ppoSite | nitqrmly magnetized transverse spin-density wave state,
spins. A smallfinite” > U*/1, see (1), changes this scaling  «cone” state in magnetic language. This state is character-
to a much stronger dependenae~ exp (—const/\/V). ized by the longitudinalS?) = M and transverséSJ} =

The band structure of spin-down electrons is also modifiednge’@™ magnetizations5, 26], where the ordering wave
as (7) shows. For finitey;, while the spin-down electrons vectorq is generally incommensurate. We determined that
remain gapless, the ‘hot spots’ on the spin-down FS (whichihe half-metal state has a lower energy4or5t < U < 4.80¢t
are the points connected I&),) are gapped and the FS is re- [24]. The mean-field phase diagram is shown in Fig8re
constructed (Figuré). By reducing the density of spin-down Both half-metal and UUD insulator phases are plateau states
electronsn; below 1/4, while maintaining that of spin-up with M = %Msat.
ones at the perfect nesting condition = 3/4, one reduce Discussion: we described two general ways to induce half-
the spin-down FS below the critical volume to fit inside the metal states through a combination of electronic inteoasti
reduced Brillouin zone (dashed hexagon in Flg. which is  and a finite Zeeman field. Our work provides new avenues
4 times smaller than the original one, and the hot spots disafo half-metallic states which have potential applicatiams
pear altogether. This happens for, < 0.976 (Figurel),i.e.  future spin-dependent electronics. Despite our focus en th

We compared the energy of the half-metal state with the



FIG. 2: (Color online) The spin-up (top) and spin-down (bot)
bands of the half-metal state &3 magnetization al/' = 4.60¢.
The graph shows projections of two-dimensional bands bptaxis
for 30 discreték, . The Fermi energieg, = u+o(h/2+ U/6) are
black-dash lines.
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FIG. 3: (Color online) The mean-field phase boundaries ohtié

metal and insulating states &f = 1/3 M. on triangular lattice.

Solid (dashed) lines denote first (second) order transition
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Hubbard-Heisenberg model on the triangular lattice, bdth o
the proposed mechanisms can be generalized to other lattice
geometries. We suggest that doped graphene, which is ac-
tively investigated for van Hove - related instabiliti@s] 28],
provides convenient setting for searching for the fielddired
half-metallic plateau state.

Our proposal can also be realized in Kondo lattice systems
where the Zeeman field is provided by exchange couplings
between the itinerant electrons and ferrimagneticallyeoed
local moments, see e.gl4, 29|, as well as in cold atom sys-
tems B0, 31] where it may be easier to achieve the required
spin population imbalance.

Magnetic field control of the half-metallic phase may be
useful for creating switchable interfaces between halfaine
and noncentrosymmetric superconductor which have been ar-
gued to support Majorana bound statgg] |

It is worth noting close physical similarity between our pro
posal and the previously proposed one-dimensional ‘Collom
drag’ setup B3] where role of the lattice is played by the elec-
trons in an active wire interactions with which gap out one of
the spin projections in the passive wire.

Several interesting theoretical questions can be asked re-
garding the half-metal state. First of all, the metal-iasoit
transition between a half-metal and a Mott insulator, found
here atU/t ~ 4.8, represents Mott transition not affected by
(gapped) spin fluctuations. Understanding it in details may
lead to a better characterization of the general Mott tteomsi
Half metal states are adjacent to many other interesting-qua
tum phases including recently proposéd- id chiral super-
conducting statelf]. If we dope such state with holes while
keeping the FS of spin-up electrons perfectly nested by a Zee
man field, we will eventually obtain a half-metal. Understan
ing how quantum phase transition(s) between these differen
phases happen is an interesting question left for futudiesu
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