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Hysteresis in £J Ising square lattices

E. E. Vogel and J. Cartes
Departamento de Bica, Universidad de La Frontera, Av. Fransisco Salazar 01145, Casilla 54-D, Temuco, Chile

P. Vargas and D. Altbir
Departamento de Bica, Universidad de Santiago de Chile, Av. Ecuador 3493, Casilla 307, Santiago 2, Chile

S. Kobe
Institut fir Theoretische Physik, Technische UniversBaesden, D-01062 Dresden, Germany

T. Klotz
Hahn-Meitner-Institut Berlin, Glienicker Strasse. 100, D-14109 Berlin, Germany

M. Nogala
Institut fur Theoretische Physik, Technische UniveisBaesden, D-01062 Dresden, Germany
and Instytut Fizyki, Uniwersytet im. A. Mickiewicza, Coll. Physicum, ul. Umultowska 85, PL-61-614" P&nand
(Received 3 June 1998

The magnetic hysteresis dfJ Ising lattices is analyzed performing a zero-temperature random-walk mini-
mizing energy. A steplike structure presenting a loop divided in four sections is observed. It is shown by Monte
Carlo calculations that this structure is rounded off as temperature increases until a thin S shape is obtained,
which is in general agreement with experimental results. A simple explanation for this form of hysteresis is
given supporting universality and size independef§6163-182¢09)02202-X]

It is well known that spin glasses exhibit hysterests. ferromagnetic(F) interactions ¢;;==J) that remain fixed
Their behavior is related to that of site-diluted antiferromag-always; periodic boundary conditions are assumed.
nets in the sense that their original or virgin state tends to There are previous studies on Ising systems with frustra-
have a zero magnetizatiGrising models with random local tion that find the exact ground state for each value of the
fieIdsG evidenced hysteresis curves similar to experimentaield® exhibiting a steplike variation in the magnetization as
ones. . . the field is varied. Such a behavior is presented for some

In the present paper we report hysteresis fol Ising  ynfrustrated systems where the ground state is directly
spin glasses in two dimensions. It is accepted that threesitzined In +J Ising systems a ground state is not always
dimensional*J lattices behave as spin glasses under a teMqo5ched for eactB, showing a steplike hysteresis. To our
peratureT(*'=1.175(in units of ).’ Two-dimensional2D)  ynowledge, such a phenomenon has not been characterized,
systems show no overall order at any temperature if enouggxcept for some general comments in the literattire.

. L . . 2)_ 8 ) . . .
time is given, which leads us to think tha =0.0." How- A statea is a set of theN spin orientationss” . Total and
ever, such 2D systems behave close to spin glasses Wh?@duced magnetization are given Hy*(B)==S" and

looking, e.g., at the universality breakdoWmdditionally, I@“(B):M“(B)/N, respectively. Let us call local ensemble

some physical properties studied by numerical methods aof ground state$LEG’s) all ground states interconnected by

better fit with T{?>0.2° Moreover, the unfrustrated portion . AN J

) g = . , . single spin flips without raising enerdy.At extremely low
of the lattice presents nontrivial percolation properties pomt-tem eratures. the svstem evolves with field lowering or con-
ing to spin-glass domair$:> A basic explanation of the P : y 9

hysteresis of+J lattices would be interesting, comparing serving the energy in a ra'ndom way that usually does not

such theoretical result to experiments for spin glasses.  |ead t0 @ ground state, being trapped in a metastable state.
Let us consider a 2D lattice witN Ising spinsS, occu- All metastable states connected by one-spin flips without

pying every sitd, spanning a square array. The Hamiltonian'@iSing energy belong to a local ensemble of metastable

can be written as states(LEM’s). _ _
We begin by presenting numerical results on one example

to illustrate this special form of hysteresis. In parallel, a
H(B)= 1 > FSs-> BS; Fi=> 3%S, probabilistic analysis is done to explain size independence
25 i ] and other features of this phenomenon. We follow the evo-
lution of the system starting from saturation and slowly de-
whereF; denotes theexchange fieldEF) acting on spinS; creasingB. Two different numerical methods are used. On
due to nearest neighboB.is the uniform and constant mag- one hand, we do a zero-temperature weZd'W), on the
netic field measured in units df Samples are prepared ran- other hand we perform a Monte Carlo calculati(iCC)
domly, with an equal amount of antiferromagneif) and  with a Metropolis algorithnt® We apply the former to a
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For T—0, we begin the analysis &=4. (We follow the
cycle down toB=—4, returning back Upon reachingB
=4.0, all spins subject to an EF of four become unstable and
are able to flip at no energy cost. If the field is slightly
diminished (denoted %), single stars and some sites in
neighboring stars definitely overturn. This is illustrated in
Fig. 1(@), where spin€€3 andB5(C1 or C2) can reverse,
giving m?=58/64=0.906. This value is depicted in Fig(th
for 2.0<B<4.0. Notice that eithe€1 or C2 can turn, but
not both of them simultaneously. =47, one of the two
states is pinned at random; we assume it is the one illustrated
in Fig. 1(a), called state3 from now on.

The probability of havig a F or AFbond is 0.5 in the
present case, denoted byThen the chance of having a star
is u*. Once corrections coming from neighboring stars are
partly considered, the most probable value for the magneti-
zation in this range is given by

T 0zZ0-0
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where we assume an infinite reservoir of borjtisthis case,
my(47) coincidentally agrees witm#].

The system reacheB=2.0 frozen in state3, evolving
from there until it lands in one of the several possible LEM’s
available, depending on previous state and the sequence of
the spins flipped in the unstable condition. Reversing one
spin changes the local field on neighboring sites, inhibiting
some flippings and allowing others. Within one LEM the
evolution goes on states that maximizeinimize) magneti-
zation for B>0 (B<0). Magnetization is not unique, as
shown by the different cycles in Fig(l). We go back to our
example foB=2". StateB is abandoned searching a lower
energy by flipping the following six spinsF5,
F6,A8,C1,C6H3 in any sequence. We arbitrarily choose
this order to continue our example marking these sites 1
through 6, as shown in Fig.(d). But the process does not
stop there since after flipping spin at sh@, the spin at site
Al becomes also subject to an EF eR, further flipping
spins atH1 andG1, in a sequence marked @s 8, and9,
like in a domino effect(This sites are underlined to show
that their flipping depends on a previous flipVe designate
(b) B by y this last statdnot displayed in Fig. ()]. Adding the

three previously flipped spins we get”=40/64=0.625.

FIG. 1. (@) One particular &8 sample. A doublésingle line ;g harticular value corresponds to the one marked
represents (@) AF (F) bond. Rhomboids mark stars; other symbols Fig ﬂb) P il

are discussed in the text. Spin orientations give the gatsed in
the example for a field below 4b) 100 low-temperature hysteresis
loops obtained by MCC for this sample.

From the viewpoint of the probabilistic analysis, we need
to count the sites with EF2; this occurs when three AF
bonds plus one F bond converge over the same spin. The
probability for such site is 4%, where the factor comes from
single large sample, while the latter is used to measure 50fhe four different places the F bond can occupy. However, a
samples at different temperatures. Finally previous resultaeighboring star inhibits the flipping. Additionally, two of
are compared to experiments. these objects sharing an AF bond cannot simultaneously flip.

General presentation and probabilistic analys@ne 8 Using the same arguments leading to E2), we find that
X 8 sample is presented in Fig(al. In Fig. 1(b) we show m,(27)~0.625, where the domino effect has been ignored.
100 hysteresis cycles done on this sample. Let usstall It is important to realize that inhibitions on sites of ER
an individual site surrounded by four AF interactions, like are very important, so about half the spins on these sites
sitesB5 andE3 in Fig. 1(a) (code for site positions is chess- cannot flip. This effect can be appreciated in Fig) lwhere
board like. We call neighboring stars those that share onenine such inhibitions can be recognized.

AF bond, like site<C1 andC2. Finally, we call doublémul- Usually, many LEM’s are possible &=0.0. Moreover,
tiple) star a couplgsectoj of sites joined by F bonds and each LEM can have a huge degeneracy because the energy is
surrounded by AF bonds, like5 andF6. larger than the corresponding one for a LEG at zero field. At
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FIG. 2. Many possible hysteresis loops for axX7/mD sample
using the technique of zero-temperature walk. The range for the B
different possible magnetizations are indicated by the width of the
horizontal portions of the cycles. FIG. 3. Average hysteresis curves for 500 samples of size 16
X 16, obtained by MCC at different temperatures.

B=0", the single spin-flip dynamics evolves to the state ofstate can be generated from any of the previously stored
least magnetization within the same LEM. This bottom mag-states with the same energy. Our idea is to visit many
netization varies for a particular samglas shown in Fig. LEM'’s, exhausting all states within each LEM for each value
1(b)] and from sample to sample, leading to zero averagef the field. Degeneracy can be very high B=EF. We
value. start again aB>4.0. As we go under 4.0, all stars and some
At B=0, all sites with the original EF of 4 and 2 have neighboring stars reverse their spins. In a large sample this
flipped (5/16 of all siteg. From the sites with zero fiel6/  can be done over states with different magnetizations as can
16) chances are that about half such sgB/46) would over-  be appreciated from the width of the dashed portion of the
turn whenB=0", while the other half will remain inhibited. cycle between 48B>2.0. The curve is wide in the range
Thenm,(07)~0.0. 0.0>B>—-2.0, due to the larger degeneracy Bt0.0,
When the field reaches 2.0 from above, a new unstable which means that states with several different magnetizations
condition arises. As the field turns more negative, all spingan be pinned down. The rest of the hysteresis cycle is simi-
point downwards except those inhibited because their locdhr to that one already discussed.
field is —4, as it happens for stars. In double stars, only one In a large lattice the phenomenon prevails, retaining ex-
spin can flip. In the example under consideration, five spingctly the features observed in the small sample. Moreover,
are left upwards in staté, leading to a unique possible the decrease of the width of the curve in the normalized scale
magnetization om®= —0.844, as illustrated in Fig.(t) for used for the magnetization axis is an indication for self-
the interval —4.0<B<—2.0. For this same range we find averaging. Therefore we expect these results to be present in
m,(—27)~ —0.883, using probabilistic analysis and consid-the thermodynamic limit, too.
ering the very small correction coming from double stars. Of Average hysteresis for a set of samples (MA@ yrevi-
course, wherB< —4.0 we face forced ferromagnetic orien- ous studies on small samples it was found that reliable aver-
tation in the negative direction. From this position, the mag-age values for physical magnitudes can be reported after con-
netic field can be reversed to obtain the lower part of thesidering 500 sample’$. We consider here 1616 lattices,
hysteresis curve in an exactly symmetric way to the one disinsisting on averaging over 500 samples, although this can
cussed so far. be more than necessary. The average magnetization for each
The previous discussion is general, valid for samples ofield is obtained considering one full cycle per sample thus
any size, showing that hysteresis belongs to the systemsgeighting the most frequently transited magnetic trajectories
studied here. Due to topology, hysteresis loop breaks into m the overall statistics. In Fig. 3 we present the average
number of sectors that depends on connectivity. Thus, thereysteresis cycle for these systems at four temperatures. The
are four sectors for square lattices, six for triangular latticescurve for T=0.1 is basically the same obtained for the two

and three for honeycomb lattices. single samples already analyzed, showing that this curve is a
Hysteresis for a large sample (ZTWhigure 2 shows the self-averaging phenomenon.
superposition of many hysteresis cycles for onex70 We find that the low-temperature average magnetiza-

sample. For this sample one exact ground sta@=a0 was tion values, namely:(m(4~))=0.902, (m(27))=0.598,

calculated by De Simonet al!’ At each field, one spi§ is  (m(0~))=—0.005, and(m(—2"))=—0.880, are in good
randomly selected and tested for flippingBHsF;, that par- ~ agreement with the corresponding valueg obtained by
ticular spin flips. This procedure is continued until no newprobabilistic analysis.
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As T grows the steplike hysteresis curve becomes less We conclude that-J Ising lattices exhibit hysteresis that
abrupt. At T~0.8 (not shown the different sectors in the resembles experimental curves for some known spin glasses.
curve disappear. Then the normal hysteresis curve for mosthe main reason for this is that the evolution of the system
spin glasses is obtained up Te~ 1.2, where a thin S-shape goes through LEM's that cannot be connected by one spin
magnetization curve is obtained. dynamics. The transfer from one LEM to another happens

Comparison with experimentShe usual hysteresis curve When the flipping of one spin implies the reversal of other
for a spin glass consists of a single loop that gets thinner a$PiNS in one of several or many possible sequences. Indepen-
temperature grows? From this respect, the intermediate dently from the details of the model we have presented here,

temperature curves of Fig. 3 represent qualitatively the phelt can be stated that the steplike structures of the hysteresis
nomenon of such spin glasses curves at low temperatures are physically originated by the

; . — interplay between the existence of isolated metastable val-
o erpmsron(3) s vt o panioncsd i, O/ 1. LEM i our sysemgand te cramics of o
PE nap . ’»ution which is inherently driven by one-element processes.
representing the qnset c.)f the stepI|I§e cycles obtained in o he rounding off effects at higher temperatures are evident.
low-temperature simulations. In particular, measurements for

) g 2q Moreover, it is shown for the:- J Ising lattices, that mag-
NizgMn;, presented in Fig. 5 of Senoussshows a hyster- petization can vary within the spectrum of extremal values

esis loop that clearly opens.in two sectors for low temperasy, the corresponding LEM’s. However, its average value
tures (aroundT=4 K) merging in one modulated 100p at syer cycles in different samplésn), is very stable. It does
aroundT=9 K, in a S|m|Ia( way to our.results of Fig. 3 for ot vary with size and can be approximately predicted by
T=0.1andT=0.4, respectively. Also NgMn,, at very low  means of basic probability theory. This means that such a
temperatures, has a remanent magnetization very close [gsteresis curve is universal and should reflect the behavior
zero (as our low-temperature simulationestablishing a i the thermodynamic limit. The area under the curve at 0 K,

clear difference with other hysteresis curves. Such remanept,resenting the energy loss per cycle, takes the approximate
magnetization grows initially with temperature, as shown in,5,e 2.48.

Fig. 3. Another remarkable similarity with some experimen-

tal result$ is that the virgin curvenot shown in the figures This work has been partially funded by FONDECYT

for simplicity) does not lay within the hysteresis cycle for (Chile) under Contracts No. 1960972 and 01980372, by
some samples. The main difference with experimental resultd SACH under Grant No. 0499731AD. Partial support from
is the fact that the low-temperature hysteresis curves preseBMBF (Germany and CONICYT (Chile) is also acknowl-

a loop divided in four sectors, rather than two sectors or eveedged. M.N. acknowledges support from GK "Struktur- und
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