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Lanczos exact diagonalization study of field-induced phase transitions
for Ising and Heisenberg antiferromagnets
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Using an exact diagonalization treatment of Ising and Heisenberg model Hamiltonians, we study field-
induced phase transitions for two-dimensional antiferromagnets. It is found that a first-order phase transition
occurs for both the Ising and Heisenberg antiferromagnets. For the Ising antiferromagnet a mixture of antifer-
romagnetic and ferromagnetic phases exists only at a critical value of Zeeman energy, while for the Heisenberg
antiferromagnet the mixed phase appears over a wide range of Zeeman energy. It is shown that the mixed
phase for the Heisenberg antiferromagnet occurs owing to the presence of a spin-flop process as an interme-
diate step[S0163-182699)13633-9

I. INTRODUCTION lowing model Hamiltonian with the inclusion of Zeeman
coupling term:
As early as 1932, N&' proposed the antiferromagnetic

order in order to explain the low-temperature behavior of the ~f~ 7oz +
magnetic susceptibility of certain metals. Over the years H——t(%}a (CierJ'chrC-C-)J“JZ%:> S'Isi_h% TCi4Cig -
physical properties of low-dimensional quantum antiferro- ' (1
magnets at low temperature have been actively pursued. The
exact solution via the Bethe ansaig not extendible to mul- ¢, (¢l ) is the electron annihilatioicreation operator at
tidimensional systems beyond one-dimensional integral syssitei with no double occupancy arf is thez component of
tems. Lately one of the interesting areas of numerical studieg|gctron spin operator at sitet is the hopping strengttd, is
has been to determine the character of the field-induceghe |sing correlation strength, ardis the Zeeman energy
phasga.tran'snlom[.e., the antlferromagnetlc; to ferromagnetlc 1sB. Hereug is the Bohr magneton ardlis the strength of
transition) involving the systems of antiferromagnetically xternal magnetic fieldo=+1 (—1) for up spin (down
correlated electrons under externally applied magnetic field <! In th £ half il the ab del Hamil
By applying the dynamical mean field thediyMFT) to the spln). h the case of hall Tiling, the above model Hamil-
Hubbard model, Heldt al® studied the microscopic origin tonian reduces to the_lsmg Hamiltonian. .
of metamagnetism in antiferromagnets with an easy axis un- [0/ the study of field-induced phase transition for the
der external magnetic field. Their study showed that at halfVo-dimensional Heisenberg antiferromagnet, we consider
filing a metamagnetic phase transition arises via a first-ordeine t-J model Hamiltonian with the inclusion of Zeeman
phase transition at low temperature and that a second-ordéPupling term
phase transition occurs near tg;éeﬂ\leemperature. On the 1
other hand, Bagehorn and Hetzebserved a second-order _ ~t .
phase transition at zero temperature from the projector quan- H= tm-),,, (C“’Cj"+c'c')+‘]<i2j> (S'Sj 4n,n,)
tum Monte CarlaPQMCO) calculation of the Hubbard model
with an easy axis. Earlier using a Landau theory of free +
energy, Moriya and Usarirevealed a second-order phase _h% 7CisCio - )
transition at low temperature involving the mixed phase of
antiferromagnetic and ferromagnetic states. However, Bages is the electron spin operator andis the electron number
horn and Hetzel questioned whether the mixed phase wouldperator at sitd. In the case of half filling, theé-J model
survive at a small region of magnetic field if exact electronHamiltonian effectively reduces to the Heisenberg Hamil-
correlations were implemented. In the present study, by pekonian.
forming the exact diagonalization calculations of the two- The above Hamiltonians will be diagona"zed by the
dimensional systems of antiferromagnetically correlated anczos exact diagonalization methbBor the exact diago-
electrons under applied magnetic field, we examine the n&;ajization treatment of antiferromagnetic correlations uni-

ture of field-induced phase transitidmetamagnetisinat (5.1 and staggered magnetizations are defindd by
zero temperature for both Ising and Heisenberg antiferro-

magnets.

<(m|q)2>:<<%§i: eiq.riS') > 3

wherel =x,y,z. Here (m'q)2 represents the square of the uni-

form and staggered magnetizations in ttie direction cor-
For the study of field-induced phase transition for theresponding t@=(0,0) andg=Q=(m, ), respectivelyN is

two-dimensional Ising antiferromagnet, we consider the fol-the total number of lattice sites. Uniform and staggered mag-

II. LANCZOS EXACT DIAGONALIZATION
CALCULATIONS OF FIELD-INDUCED PHASE
TRANSITIONS
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. FIG'. L. Stz_:lggere_d and uniform magnetizations for the tWO'_ FIG. 2. Staggered and uniform magnetizations for the two-
Q|men5|onal Ising antiferromagnet versus Zeeman energy. The soligiengjonal Heisenberg antiferromagnet versus Zeeman energy.
I!ne represents the_staggered rr!agr?etlzatm@)( af‘d the dashed The solid line represents the staggered magnetizatigy) @nd the
line denotes the uniform magnetizatiomd). The Ising correlation dashed line denotes the uniform magnetization)( The Heisen-

;trgngth IS ch_o_sen t0 l3=0.41. Nis the number of_Iattlc_e S'te’_‘-‘c ... _berg correlation strength is chosen todze0.4t. N is the number of
indicates a critical value of Zeeman energy at which discontinuitieg o sites h. indicates a value of Zeeman energy at which the
i1

of mag_net_izations oceur. Double-headegl arrows indi_cate that thﬁniform magnetization begins to appdar the staggered magneti-
?o_r:vamshlnf? v?lue of staggered magnetization beyurid due to zation begins to decregsé, indicates a value of Zeeman energy at
inite-size ettect. which the uniform magnetization saturates. Double-headed arrows
éndicate that the nonvanishing value of staggered magnetization be-

netizations as a function of the applied magnetic field ar Jondh, is due to finite-size effect,

computed for small clusters of various size@ /8, 10
% /10, 4x 4, and\20x 20) with periodic boundary con-
ditions. Lanczos iteration is terminated when the groundPus sizes and=0.4t. The stepwise curves are formed owing
state energy is converged within the error bound of 20 to the finite-size effect. This is because the difference in

For the case of Ising antiferromagnet, predicted magnetinumber between upN;) and down ;) spins discretely
zations are shown in Fig. 1 for small clusters of various sizeyaries with the change of magnetic field, e.f\;—N;,
andJ,=0.4. The staggered magnetization is represented by 0.2, . . ., 10 for analf-filled \/10x \/10 lattice. As the num-
a solid line and the uniform magnetization is denoted by der of lattice sites and thus the number of electron spins
dashed line. The nonvanishing values of staggered magneiicrease, the stepwise curves are expected to turn smooth.
zation at high Zeeman energies is due to finite-size effect, aideed the computed results showed such a trend as is shown
is indicated by double-headed arrows in the figure. Disconin Fig. 2. The uniform magnetization appears at a low Zee-
tinuity from the staggered to uniform magnetizations occurgnan energy oh,; and reaches a maximuor saturatesat a
at a critical Zeeman energh.=J,=0.4t. Although not Zeeman energy dfi,. The staggered magnetization beyond
shown here, the same behavior of staggered and uniforia, does not completely vanish owing to the finite-size effect,
magnetizations is observed for other valuedof A mixture  as is indicated by double-headed arrows in the figure. It is
of antiferromagnetic and ferromagnetic phases exists at gund that as the size of cluster increasgstends to reach 0
critical field corresponding td,. Thus the field-induced while h, remains unchanged with the value bf=2J
phase transition for the Ising antiferromagnet is found to be=0.8. This observation is displayed in Fig. 2. Although not
of first order. In our previous workwe calculated the stag- shown here, the same behavior foy=0 and h,=2J is
gered and uniform magnetizations for the Ising system bybserved for other values df Thus a mixed phase of anti-
using Hubbard model Hamiltonian in mean-field approxima-ferromagnetic and ferromagnetic states is found to occur in
tion. The first-order phase transition was also predicted. the range ofh;=0<h<h,=2J for the two-dimensional

For the case of the Heisenberg antiferromagnet, predictedeisenberg antiferromagnet. The coexistence of the two
magnetizations are shown in Fig. 2 for small clusters of variphases is not seen to change substantially as the lattice size
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0.3 e FIG. 4. Spin-flop process and metamagnetism under applied
magnetic field. The magnetic field is applied in thdirection. The
,5 F horizontal solid line represents the two-dimensiorglplane. (a)
g antiferromagnetic spin ordetb) spin flop, and(c) ferromagnetic
§ 0.2¢ E spin order.
éo 8 <(m0z)2> ]
£ creases, spin-flop process occurs as an intermediate state by
£ 0.1¢ ] exhibiting the components of antiferromagnetic spin align-
5 3 : 2 "2 ] ment on thexy plane, as depicted in Fig.(d). For the
<(my ) >=<(my’)> Heisenberg antiferromagnet, the spin flop, that is xthady
0, R Y Y Y R T LY components of the stgggered ma_gne_tlzatlon peak at a partlcu-
(b) Zeeman Energy, h/t lar value of the applied magnetic field, sdy=0.3 as is

- _ shown in Fig. 8a). As the external magnetic field further
~ FIG. 3. Decomposition ofa) staggered antb) uniform magne-  increases, the Zeeman effect begins to dominate the Heisen-
tizations for the two-dimensional Heisenberg antiferromagnet Ofberg interaction with disappearance of the spin-flop process
lattice size\/z__ox V20 into directions parallely andy components by allowing ferromagnetic configurations, as is shown in Fig.
and perpendicularz componentto the plane. 4(c). On the other hand, for the Ising system the spin-flop

rocess is not involved and the mixed phase does not occur

increases, thus indicating that there exists no signiﬁcangxCept at the critical Zeeman energy, as is shown in Fig. 1
finite-size effect on the mixed phase. The field-induced phasxlahuS we claim that the spin-flop prc;cess due to antifer.ro-.

transition is of first order because the system is at coexist- o . . ) .
gagnetlc interactions involving andy components of spins

ence of the two phases, the antiferromagnetic and ferroma ble for the mixed oh f the Heisenb
netic phases. Although not to be directly compared owing t re responsible for the mixed phase of the Heisenberg sys-

differences in the space dimension of antiferromagnet, such tem.
tendency of uniform magnetization was experimentally ob-
served for the three-dimensional crystal of YGC@Al,), at

low temperature by Gotet al® The DMFT of the infinite- IIl. CONCLUSION
dimensional Hubbard model by Hekt al? yielded a first- . . o _
order transition. Bagehorn and Hetzakgued in favor of a By applying the exact diagonalization method to the Ising

second-order transition from the PQMC calculations of theand Heisenberg antiferromagnets in external magnetic fields,

Hubbard model with an easy axis. However, their resultgve have examined the field-induced phase transition from an

were obtained for the case of weak couplitg 2t) and are  antiferromagnetic to a ferromagnetic state. For both the Ising

not directly comparable to our strong-coupling results. and Heisenberg antiferromagnets the first-order phase transi-
In order to find the cause of the mixed phase for thetion is predicted to occur. For the Ising antiferromagnet a

Heisenberg antiferromagnet, we show both the staggered amaixture of antiferromagnetic and ferromagnetic phases exists

uniform magnetizations in the direction parallel to and per-only at a critical value of Zeeman energy, while for the

pendicular to thexy plane, respectively, in Fig. 3. As the Heisenberg antiferromagnet the mixed phase appears over a

external magnetic field increases, thandy components of ~wide range of Zeeman energy. It was shown that the mixed

the staggered magnetization are predicted to increase partichase for the Heisenberg antiferromagnet occurs through the

larly in the region of low fieldh=<0.3 in Fig. 3(a), whereas spin-flop process as an intermediate step.

the z component decreases in the same region. The antifer-

romagnetic order projected onto thg plane(perpendicular

to the external magnetic fieldends to persist, while itg ACKNOWLEDGMENTS
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