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Magnetization plateaus in weakly coupled dimer spin system
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| study a spin system consisting of strongly coupled dimers which are, in turn, weakly coupled in a plane by
zigzag interactions. The model can be viewed as the strong-coupling limit of a two-dimensional zigzag chain
structure typical, e.qg., for thea€) planes of KCud. It is shown that the magnetization curve in this model
has plateaus & and 3 of the saturation magnetization, and an additional platedy #te critical fields are
calculated perturbatively. It is argued that for the three-dimensional lattice structure of the Jf@m@y the
plateaus a& and?1 of the saturation can be favored in a similar way, which might be relevant to the recent
experiments on NEICuCk by Shiramureet al.,J. Phys. Soc. Jpi67, 1548(1998. [S0163-18209)07705-X

I. INTRODUCTION neighbor exchang#; (see Fig. 1 of Ref. 17, and Fig. 1 of the
present papérin what follows, the word “chain” is used in
In the last couple of years there has been a growing interthe meaning of a zigzag@louble chain. If one assumes that
est in the phenomenon of magnetization plateaus in onéhe essential physics in NjBuCk is determined by single
dimensional(1D) spin systems=** In a variety of models, chains, then the appearance of plateaus aind 2 of satura-
the magnetization per sit, as a function of the applied tion means that due to a certain rather complicated sponta-
magnetic fieldH exhibits plateaus at certain valuesmf; at  neous symmetry breaking the magnetic elementary cell con-
those plateaus the magnetization in unitg qf the saturatiogiinsQ:S CWw* ions instead ofd=2 as suggested by the
M=m,/S (hereSis the spin of a magnetic ions “locked” amiltonian symmetry; still, then the absence of plateau at
at some rational numbéat least, up to now no indications of M =1 that is characteristic for a single chiiis puzzling.

the p055|blllty }10 have plateaus at |rrat|orMIwere_ founcj. Values of the exchange constants in JAdCL, as well as
Oshikawaet al.* have shown that in purely one-dimensional . 1617 410

. in the other materials of the so-called KCy@&mily,
systems the allowed values M, at which the plateaus are resently not known. There are certain arqumiéitased on
possible, are given by the following condition: P y : 9

fitting the susceptibility data for the isostructural compound
_ 7 KCuCl; that suggest that one of the nearest-neighbor cou-
QS(1-M)eZ, @) plings (J3) is dominating!® On the other hand, neutron-
where Q is the number of magnetic ions in the magneticscattering data for KCuglstrongly suggest that interchain
elementary cell of the ground statehich can be different interactions are importadt.From the susceptibility datd;*
from the elementary cell prescribed by the HamiltoAfdn  one can guess that the intrachain couplings in,GiCk are
This condition is necessary but not sufficient; in other wordsmuch weaker than in KCugland thus interchain couplings
if the plateau exists, it has to be at one of the value#lof should play an even more important role; this assumption
determined by Eq(1), but in principle the plateaus do not also fits well to the fact that the zero-field ground state of
have to exist aall values ofM which are allowed by Eq1). NH,CuCl is magnetic at low temperatut&.
Validity of the result(1) is supported by a considerable |n the present paper | show that interchain couplings can
amount of numerical and analytical data, as well as by theonsiderably affect the number and positions of the plateaus.
recent experimental observatfoof the M =3 plateau in the  To demonstrate that, | consider a simple model describing a
S=1 bond-alternating chains realized in system of zigzag chains coupled in a plane; within the effec-
[Niy(Medpt),(u -0x) (1-N3)JCIO,4- 0.5H,0. tive spinless fermion model valid in the limit of weakly
The present paper is motivated by the recent high-fieldoupled dimers it is shown that this model can exhibit mag-
magnetization measuremefitsin the double-chainS=3  netization plateaus a§, 3, and % of the saturation. The
compound NHCuCl that have revealed well-pronounced critical fields are calculated using the lowest-order perturba-
plateaus atM=7 and M=} in the temperature rang€ tion theory around the “atomic limit” of the model. Physics
<1.5 K. At room temperature, the crystal structure of thisof the plateau aM = ; is determined by single chains and is
material coincides with that of KCugland the main feature almost exactly the same as studied in Ref. 9, while the pla-
is the presence of the double chains of edge-sharing CuCteaus atV =3,% appear solely due to the two-dimensional
octahedra, separated by [JHons (see Figs. 2 and 3 of Ref. interchain couplings. Generally speaking, the number and
16 or Fig. 1 of Ref. 1¥. Double chains composed of mag- positions of the “additional” plateaus caused by interchain
netic C#* ions can be viewed as spinbond-alternating interactions strongly depend on the topology of the specific
antiferromagnetic(AF) zigzag chains with two different lattice. Possible relevance of this mechanism to the experi-
nearest-neighbor exchange constaitsl; and next-nearest- ments on NHCuCl is discussed: it is argued that the three-
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FIG. 1. Two-dimensional system of coupled zigzag chains de- FIG. 2. Effective model of spinless fermions on a triangular
scribed by the Hamiltoniari2), a structure that is realized in the lattice resulting from the system shown in Fig. 1, as described by
(ac) planes of the KCuGlfamily compoundqRefs. 16 and 17 Eq. (3). The structure witiv :% in the “atomic limit” is shown;
open and filled circles denote, respectively, empty and filled sites
dimensional lattice structure of NjBuCl naturally favors (-6 dimers infs) and|t.) states.
the appearance of plateausjatind 2 of the saturation. We
also discuss possible reasons of absence of the other plateaus 7“{
in this material.
The paper is organized as follows: in Sec. |l the effective
model for a weakly coupled dimer system is introduced and
the magnetization curve of the two-dimensional system of
coupled chains is studied; Sec. Il is devoted to the analysis
of characteristic features of a three-dimensional coupled
chain system typical for NFCuClL; Sec. IV contains discus-
sion and concluding remarks.

:,U,E n|J+U2 nijni+l’j+t2 (C?}Cprl’j‘f'H.C.)
1 1] 1
+U' > Nij(Nij+1+Ni—1j+1)
1

+t’; (clcijriteficigjratHe). (3)

HerenijEcich” , andn;; =1 corresponds to thie, ) state on

the (ij)th dimer, while absence of particlen(=0) corre-

sponds to the singlet. The magnetization per site in the satu-
Consider a system of zigzag chains coupled in a plane bpa.tion unitsM coin_cide; now yvith the concentration qf fer-

frustrating zigzag interactiod’, as shown in Fig. 1. Such a Mions. The effective interaction constarisU’, hopping

structure is typical, e.g., forac) planes of KCuG). Let us ~ amplitudest, t', and chemical potentigk are given by

further assume that the exchange consiais antiferromag- _ _ _

netic (AF) and much stronger than all the others; then the U=(231+32)/4, 1=(20,=32)/4

system can be viewed as a two-dimensional arrangement of U'=J'/4, t'=—03'14, u=Js—gugH (4)

dimers weakly coupled with each other. Assume further that ' ' '

the external magnetic fielth is applied in thez direction.  Itis useful to note the particle-hole symmetry of the effective

The model is described by the Hamiltonian Hamiltonian: written in terms of hole operators, Eg) pre-

serves its form(up to a constant shiftwith the change only

in the value of the chemical potential

Il. TWO-DIMENSIONAL COUPLED CHAIN MODEL

A= 12,800, gii)y 3 i), gi-1D)
S (st s+ 35805

M phole= — w—2U—4U". 5
+3y(SV- gl 4 gD gi ) In what follows we assume that the effective interaction con-
(S G i) g1+ stantsU,U’ arepositive,i.e., the interaction is repulsive.
+gugH- (gli'j)+ 5(2”))}, 2 A. The "atomic limit”

) ; ) Consider first the “atomic limit” of the mode(3), i.e.,
whereg is the Lande.factor. and,qB is thg Bohr magneton. If put hoppingt,t’ to zero. Then the problem becomes equiva-
one neglects weak interdimer interactiohs Jp, J' COM-  |ant to the generalized Ising model in magnetic field, a class
pletely, than the lowest states at each dimer are the singlgf models that is well studied in the theory of allogsee,

|s) and theS’= +1 triplet|t. ). We will be interested inthe ¢ g "Ref. 21 and references thejei@enerally, in this limit
regime of strong fieldgugH=J;; then the other two triplet  he interaction energy per sii, is a piecewise linear func-
states|to), [t-) are high in energy and their contribution tion of the concentratiorM, and the curveE; (M) has
can be neglected, in the splrlt of Refs. 93 12, and 14. In thisyinks” (jumps of the first derivativeat certain values of
way one gets a reduced Hilbert space with only two degreeg; \when the magnetic field increases, the chemical potential
of freedom per dimer, and the problem can be formulated iN, becomes negative, and particles start being “pumped”
terms of spinless fermions living on the asymmetric triangu-nto the system until this process is stopped by the interac-
lar lattice asAshown in Fig. 2, with the following effective i Kinks in E,«(M) correspond to plateaus in the magne-
Hamiltonian: tization curveM(H), and the width of a plateau is propor-
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FIG. 3. Different processes of increasing the concentration in

the atomic limit of the mode(3) atU’ <U: (a) the process leading
from M =% to the intermediate plateau M=%; (b) the process
increasing the magnetization aboVAa:%. Half-filled and black
circles represent, respectively, “new” particles inserted into the
system and “old” ones that formed thd =3 or M =3 structure.

tional to the magnitude of jump in the first derivative. The

atomic limit determines the possible number and positions of
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FIG. 4. A schematic look of the interaction energy per &g
as a function of the concentratidv, in the “atomic limit” of Eq.

3.

Taking all that into account, one obtains the following
result for the interaction energy as a functionMfin the

1,27 interval:
3U'(M—3), ;<Ms=3
Eint= (60)
(2U+U")M-U, i<m<2
for U’'<U, and
3UM-1), I<M=3
Eint= U (6d)
(4U'—U)(M—%)—E, i<M<}

plateaus; hopping generally tends to smear out the plateaug,, y’'~uy. The resulting behavior (M) is schemati-

and below we will study this effect perturbatively.
In the atomic limit the mode(3) is equivalent to the so-

called anisotropic triangular nearest-neighbor Ising model if,iaractionu’

external field, and its ground state is known exa&tlyp to
M = 1 one can insert particles into the system without losin
any interaction energysee Fig. 2 Thus,

1
M=s.

En(M)=0, M=z

(6a)

cally shown in Fig. 4. Thus, generally three plateaus are
possible atM =3, %, and$. In the limit of zero interchain
=0 only the plateau a1 = 3 survives, so that
one may think of this plateau as coming from single chains,

Swhile plateaus at and 2 appear due to 2D interchain cou-

pling. The plateau av = 3 disappears when 2D interactions
become isotropi¢i.e., U'=U).

It should be remarked that the positions of those “addi-
tional” plateaus strongly depend on the topology of the lat-

Using the particle-hole symmetry, one immediately obtaindice. For instance, if one considers a trellis lattice shown in

from the above the behavior &, aboveM =%:
2
3
In the “intermediate” interval of concentrations<M < 2
the situation depends on the ratio of interaction consténts
andU'. If U’<U, then the lowest energy cost for inserting
new particles abové =1 is 3U’ per particle, which is de-
termined by themultiparticle process of inserting at once a
row of particles as shown in Fig.(8. This process leads
from the state withM =3 to the state withM =3, and an-
other multiparticle process shown in Fig(bB leads from
M=% to M=%, taking the energy of @+ U’ per particle.
ForU’>U, similar multiparticle processes exist that gov-
ern the increase of concentration abdve=3 and M=%,
with the energy cost of @ and 4J' — U per particle, respec-

Ei(M)=(2U+4U") (6b)

Ml M
- =
21

tively [one can obtain the corresponding pictures by rotating

the particle configurations of Figs(é and 3b) by #/3 but
keeping the solid and dotted lines fixed

Fig. 5 (this type of interchain coupling is realized, e.g., in
St,,_1Cu,, 105, family?3), then spinless fermions live not on a
triangular, but on a square effective lattice, and the only pos-
sible plateau would be &l =1.
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FIG. 5. Dimers coupled in a trellis lattice. This topology allows
only one plateau avl = 3.
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B. The effect of hopping Agp=—u+5t3/U'—12t"2/(U+U")
Since in absence of hopping we know the solution ex-
actly, it is natural to try to take hopping into account pertur-
batively. Then one can determine the critical fields marking  Finally, it is easy to calculate the value of the first critical
the beginning and the end of each plat¢see Fig. 6. ~ field H,, that indicates the point where the injection of trip-
To justify the use of perturbative approach with a hoppingjets startd? In the vicinity of H,, the density of triplets is
term as a perturbation, one has to demand Jhas close to  yery Jow, so that one can just neglect the interaction terms in

2]y, i.e., that a single zigzag chain is close to the Shastrygq_ (3). The hopping part of the effective Hamiltonian yields
Sutherland liné; and that the interchain coupling is much the dispersiorE, — Eg=¢(K),

smaller thanJ :

—4t2U/U’2+8t'2/U’, |t/t'|<2U’/U.

e(k)= p+ 2t cosk, +2t"{cosk,+ cog k; —k»,)}.
120173l <3y, I <y D The gapA.;=mine(k) is given by
Comparing Eq(7) with Eq. (4), one can see that it does not
make sense to consider the cale>U, and in what follows
we will assume that)’ <U.

Let us start with theM =3 structure shown in Fig. 2,
where one-third of the total number of sitdgs occupied by
particles. An increase of the magnetization fravh=3 is
determined by the multiparticle process of inserting a row o
L new particles,L>1 [see Fig. 8)]. Then there are no
first-order corrections t&ys, , and in the second order the
gapAcs=(Enjs+L—Engg)/L reads as

w—2t—(t")%t at t>0

= 12
u+2t—4|t’|  at t<O0. (12

Mc1

All the other critical fields now can be obtained by ex-
ploiting the particle-hole symmetr{f), which connects the
ffollowing pairs:

Ms M1y M55 Meas

M3 Mces M2 Mc7-

4t'2 42 2 Zeros of the gaps given by formul&8), (9), (11), and

-t TG (12), together with the definition of. as stated in Eq(4),
u-u U determine the critical fields. It should be remarked that in the
derivation of Eq.(12) we did not use perturbation theory, so

Ag?:<u=,u,+3U’+ 5

2t2—124'? 5t'2

-+ T+ O(1L). (8)  that the expression foH.; is exact within the effective
u+u’ U model (3). It can be improved, however, by including the
processes involving the other two triplet states that were dis-
Zero of the gap 3 gives the critical fieldH 3. carded in our consideration, in the spirit of the degenerate

Similarly, forU’<U, increase of the magnetization from perturbation theorysee, e.g., Ref. 25
the M=1 state is determined by the multiparticle process
shown in Fig. 8b), which, up to the second order, yields the |, THREE-DIMENSIONAL NH ,CUCl-TYPE LATTICE
following expression for the gapr 5= (Enj2+1 — Eng)/L:
Now let us proceed to a more complicated model, which

Ags=p+2U+U"+(4t'2-3t%)/U+4t"2/(U+U") could be useful for understanding the physics of magnetiza-
. o ) tion process of NRHCuCk. Consider a three-dimensional
+3t/U’—=6t"/(2U—-U")+O(1L). (9 model that can be imagined as a set of two-dimensional sys-

tems(“layers”) from Sec. Il stacked on top of each other, as
To obtain the critical fieldH,, one has to consider the shown schematically in Fig. 7. Besides exchange interactions
set of degenerate states with one particle taken out of th91,2,3,~3' inside a single layer, we have now two additional
structure shown in Fig. 2; the degeneracy is lifted only in theinterlayer interaction constantd”,J”. This model corre-
second order, giving the following dispersionc,(k)  sponds to the lattice structure of NEu Ch,®17 with only
=Ensz-1(K) — Enys Of the N/3—1 excitation: nearest-neighbor exchange couplings taken into account. As
before, we assume that all interactions are antiferromagnetic,
and thatJ; is much stronger than the other exchange con-
£co(K)=—u+ —[t?+1t'?+1tt’(cosk; +cosk,)] stants, so that the system can be viewed as a set of weakly
U coupled dimers. Along the same lines of reasoning as those
gt'2 3t2 1’2 used in the previous section, one obtains the effective spin-
+ ——[1+cogk;—ky)]——— , less fermion model shown pictorially in Fig. 8; in addition to
U u u+u’ Eqg. (4), there are now two more pairs of interaction and
(10) hopping constants,

and the gamC2= min 8c2(k) is given by u”= %JH, t":O, u”= %JHI: —t, (13)

— _ ,, _ N2 r_ 12 '
Agp=—p—3t7U" - 12"7(U+U’) There is again a particle-hole symmetry; relatihnow has
+8(]t| - [t'N¥U’ + 1684, |t/t'|>2U"/1U, to be modified to

(11 ML Upole= — pw—2U—4U"—4U"—-4U", (19
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FIG. 6. Schematic plot of the magnetizatibhas a function of
the applied fieldH for the effective mode(3).

One can find that up to the concentrativh= 7 particles

can be pumped into the system without interacting with each O
; 1 .
ther. Th(_a porrespondlng structure with= 3 is shown in _ . ur, U.t 0@ lowerlayer
Fig. 8@); it is easy to see that no new particles can be in- ... (N T—— U” (" O ® upperlayer
serted without interaction. Thus, the interaction enefgy
as a function oM always has a kink al = 42' and a sym- FIG. 8. Visual representation of the effective spinless fermion

metrical kink should be present Bt=2. Those are exactly model resulting from the model shown in Fig. 6; the interaction
the values ofM at which the magnetization plateaus in constantsJ and hopping amplitudes are indicated for each link
NH,CuCl; are observed® However, it can be shown that in and are given b_y formulaét) anql (193. Fllledland empty circles
the atomic limit there arelways other kinks at different ~represent occupied and empty site;the M =3 structure;(b) the
values ofM present inE;,(M). Simply comparing the ener- M = 3 structure that is realized under conditioi%).

gies of different structures and displaying them in the " m / m

; . J'<yJ’, J'=23",
Ein(M) plot, one can see that there always exists certain (15)
M=} structure whose energy is beld®y, (%) + E;(3), i.e., J'<23;+3,+4(3"=J").

the corresponding point in the;,(M) plot lies below the = Then one can show that in the atomic limit the only addi-
line connecting thV = andM = structures; in the same tional plateau structure realized in betwekh=3% and M
way one can check thatl =% andM =3 structures can be =2 js theM =1 structure shown in Fig.(®). Then, gener-
also favored under certain conditions on the model paramally, there exist eight critical fields, as in the 2D problem
eters. considered in the previous section, which can be calculated
Since no other plateaus exceyt=3 andM =2 are ob-  perturbatively in the same way. The perturbation theory re-
served in NHCuCL, this presents a problem. Let us considersults in three dimensions are somewhat cumbersome even in
a particular regime with the exchange constants satisfyinghe second order, so that they are listed in the Appendix.
the following inequalities: The important point is that in the regime determined by
Eqg. (15 hopping reduces the width of thel=3 plateau
already in the first order, while corrections to the width of
M =12 plateaus start from the second order. Thus, in the
above regime there is only one additional plateaMat 3
that is smeared by hopping more effectively than the plateaus
at M=1%,2. This could be a qualitative explanation of the
real situation in NHCuCl, if one assumes that the addi-
tional plateau is completely wiped out.

IV. DISCUSSION AND SUMMARY

In this paper | show that in quasi-one-dimensional spin
systems the location of plateaus in the dependence of mag-
netization on applied field can be considerably affected by
the presence of two- or three-dimensional interchain cou-
plings. As an example, a simple model of two-dimensionally
coupled zigzag chains is considered in a dimer limit. It has
been shown that, depending on the lattice structure and on

FIG. 7. Three-dimensionally coupled spin structure realized inthe interplay between the model parameters, the system can
KCuCl, family (Refs. 16 and 17 Filled circles denoté&= 3 spins  exhibit plateaus a§ and  of the saturation, in addition to
of the lower layer in thedc) plane, and half-filled circles represent the “usual” plateau at one half of the saturation determined
spins of the upper layer. by physics of a single chain.
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We argue that this mechanism can be relevant for th&er Contract No. 03MISHANS and by the Ukrainian Minis-
recent intriguing high-field magnetization measurem@rits  try of Science(Grant No. 2.4/2Y.
NH,CuCl, since the three-dimensional lattice structure of
this material naturally favors the appearance of plateags at APPENDIX: GAPS IN 3D MODEL

and? of the saturation, i.e., exactly at those positions where L
the plateaus were actually observed. In the 3D model of Sec. Il the magnetization curve looks

Unfortunately, the arguments presented here cannot baimilar to that presented in Fig. 6, except that now we have
used for any quantitative predictions conceming the exPlateaus ak and} insteads ands, respectively. The effect
change constants in NBuCk, because of the following rea- ©f Nopping can be considered perturbatively, provided that
sons: (i) zero-field magnetic ground state of NEUCK im- Eq. (7) is satisfied together with the additional inequalities
plies that the first critical field;;<0, and from Eq.(A8) V<, JI'<J. (A1)
one can clearly see that thdgcannot be much stronger than
all the other couplings, as we assuméb); to justify consid- In the second order of perturbation theory, the dispersion
ering the hopping term as a perturbation, one would need tec3(k) of the excitation with one extra particle inserted
satisfy Eq.(7), and the condition),—2J; does not seem above theM =; state, and the dispersian,(k) of the ex-
plausible on the basis of the available crystal structure Hata. citation resulting from taking away one particle off the same

M =3 state, can be represented in the following form:
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o t2 t12 2t2 6(t2+t/2) 1qt72+(tm)2] 12t/2 2t/2
el=p+2U'+4U"+ —+ —+ - + — +
U” U” U'+20" U-U’+2U0"-4U"  U'+3U"  U'+4U" 2U-U'+2U"
2t 122 122 4t'2 4t? 4t? 4(t")?
+ - — + + + +
U+U’+2U" U+2U" U'+2U" U+3U"-U" U’'+3U"-U" U’'+2U"-U" U’+U"
4t12 2.[!2 16(t" 2
+ + _ e , (A3)
u+2u”"-U” U-U'+2U"” 2U'+3U”
8tt’ 4(t)?
A3= + ’
U_U/+2ull_4ur// U/+U///
(Ad)
5 _t/2 e 4t/tm
3 UW’ 3 U/+3Um'
and for theN/4—1 excitation one obtains
o 8(tm)2 2(t2+t/2) 2t/2 2t2 2t/2 1qt72+(tm)2] 6t/2
8C2=—,LL+ + + —+ + + —
u’ u” U” U’+U" U+U”  U'+3U"  U+2U”
12t’2 14(t" 2 6t2
R (A5)

S U'HAUT 20743U" U+20"

4tt/ 4(t///)2 t/2 8trtm

- u” u’ ! Z_W _U,+3UW.

Az
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Closing of the gapdj=ming;(k) (i=2,3) determines (We have omitted the subscripts 2,3 above for the sake of
the critical fieldsH.,,H.s marking the beginning and the clarity.) One can see that the expressionsAQp,A.; “ex-
end of theM =% plateau, respectively. Taking into account plode” when either of the interchain interaction constants
thatB, ; andC, ; are always positivgby our assumption on U’,U”,U" vanishes; this corresponds to the obvious fact
antiferromagnetic character of all exchange interactions, sethat theM = ; plateau ceases to exist if any of the interchain
Egs.(4) and(13)], one can obtain the following formulas for interactions is absent.
the gaps: The energye - 1(K)=&{h. 1(K) + &), ,(K) of the ex-
citation with one extra particle above thé=3 state con-
A+B-4C, B<C tains both first- and second-order corrections. In the first-

0
=g.t . . .
Ac=se A-B-2C?B, B>C order approximation one obtains

at A<O0, and forA>0 the result is a bit more complicated:

—A-B, C<(AB)Y2 ENby1=u+2(U+U"+2U") +2t'cog ks —ks)
N A+B—-4C, A<C,B<C + 2t”[cosks+ cog Ky +K3)], (AB)
¢=®T) B_A—2CYA, (AB)Y’<C<A

A—-B-2C?/B, (AB)Y?’<C<B. and the second-order contribution is

2 t?(1+cos X;) . 2t'2(1+cos X,) . 4t%+ 4t'?+ 8tt" cog ky + k») . 4t%+4t'?+ 8tt' cog k; — ky)
8 =
N/2+l UI/_U/// U_U/+2(UI/_U!//) U_U/+4(U/I_U///) U+4(U//_UI//)

22t° 22t'? . 4t'? . 4t?
U+4(Uu_um) ZU_U7+4(UH_U/H) 2U_Ur+3(uu_um) U+3(UH_U///)

41’2 412 4t 4t'?
+ + + +
2U—U’'+3U"—4U"” U+4U"-3U" U+3U"—-4U" 2U-U’'+4U"-3U"

2t2 2t'2
+ + . (A7)
U+U'+4(U"-U") 2U+4(U"-U")
|
Zero of the corresponding gap.s=min ey, 1(K), together Hg—H., Hes—Hey, (A9)
with the formulas(4) and (13), determines the critical field
H.s marking the end of th&/ =3 plateau. HesoHes,  HeaoHer.

The energy.1(k) of the one-particle excitation above the . | . ition f
nonmagnetic 1 =0) state is completely determined by the = S€tiingHc, equal toHcs, we can obtain a condition for

hopping part of the Hamiltonian and has the form “.closing” the M=_% plateau; restricting ou.rs_elves to the
first-order expressions for the sake of simplicity, we get

£ey(K) = pu+ 2t cosky + 2t' [ cosky+ cog Ky — ky) ] I+ 14 =1 433, (A10)
+2t"[ coskg+ cos Ky + ko—Ks) ; (A8) 2
However, it is easy to see that E@10) is already outside
the gap in the above dispersion closes at the critical field  the range of validity of the perturbation theory determined by
above which the magnetization starts to increase from zerdzgs. (7) and (Al), so that this condition should be under-
Exploiting the particle-hole symmetr§l4) allows one to  stood only as a rough estimate indicating that)” have to
connect the following pairs of critical fields: be sufficiently strong to wipe out the plateault= 3.
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