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Magnetic states in frustrated bilayer models: The ordered phase of mixed-layer pnictide oxides
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We present results from a numerical investigation of bilayer classical spin systems with local interactions
and frustration caused by lattice geometry. We find that when two identical square planes are displaced by half
a lattice constant in one direction, a transition to a uniformly twisted spin state occurd a0.25. An
orthogonal state between layers is obtained in the [imit0 andJ, =0. If instead the two layers are offset
along a diagonal, we obtain the phase diagram of the clas3jcall, model. A weakly canted phase is
observed at the classical transition pointléd, =0.5, but frustration does not drive the system towards a state
of orthogonal interlayer order. We propose a simple bilayer model with two inequivalent square lattices to
study the frustrating interactions of the mixed layer pnictide oxidesMB8sPn,O,, Pn=As,Sb). We find a
ground state composed of two independeneN&dered layers when the interlayer exchange is an order of
magnitude weaker than the intralayer exchange, as suggested by experiment. Evidence for local orthogonal
order between the layers is found, but it occurs in regions of parameter space which are not experimentally
realized.

[. INTRODUCTION The motivation for this work has as its foundation the
experimental results of Broadt al. for the mixed layer pnic-
Models of clean systems of interacting moments haveide oxides’ A primary focus of their work is the relation of
been studied extensively by analytic and numerical techehemistry and structure to the electronic and magnetic prop-
niques, and the ordered phases of models like Ising, Heisemrties of compounds such as,Bin;PnO,(Pn=As,Sb),
berg, or Hubbard have been determined in various regions affhere two distinct square geometries of manganese exist in a
parameter space, with the results having contributed enolattice of space-group symmetr/mmm In one layer, man-
mously to our understanding of magnetic phenomena and thganese is bonded to oxygen in a planar G@atrangement,
physics of correlated systems in genérblowever, real ma- MnO,?~ . In a second layer, it is bonded to a pnictogen in a
terials are rarely, or never, clean. There is often frustratiorietrahedral structure, MnBfi , where pnictogen atoms
due to competing interactions and disorder in the interactiofproject alternately above and below the plane defined by the
strengths. The study of such Hamiltonians is a very activenanganese atoms. From here on we denote the two manga-
field in physics and material science. Research on spinese layers as M) for MnO,2~ and Mn(2) for MnPn,?~ .
glasses, magnetic systems with random and frustrated intefhe manganese atoms carry a sBin5/2.
actions, has been conducted for years; the physics that has The magnetic structure of Svin;Sh,O,, as determined
been obtained from these magnetic systems is now beinigy neutron powder diffraction, is shown in Fig. 1, and is
applied to the study of related complex phenomeha. predominantly two dimensional 2D in character. Measure-
The work we undertake concerns insulating magnetic sysments of the bulk susceptibility support this 2D pict(ifEhe
tems with frustration but no randomness. Competing interacMn(1) substructure is identical to the magnetic structure of
tions that cause magnetic frustration can have many origind,NiF,.2 Antiferromagnetic order in the respective layers is
but our focus will be on model systems in which the latticeexpected for manganese coupled via superexchange, with a
geometry is the source. In three dimensions, helical magnetidirect exchange contribution possible in the (@nlayer’
order is observed when geometric frustration is accompanieAlthough the alignment of moments in different layers along
by anisotropy*® It has also been suggested that some nonerthogonal directions has been obser¥&8it could not be
collinear spin-ordered structures belong to a new chiral uniexplained by simple models initially used to gain insight into
versality clas$.However, the model Hamiltonians we study the experiments. Specifically, the different temperatures at
are essentially two dimensional with no anisotropic termswhich the two layers order provide an indication of the rela-
and our emphasis will be on the nature of the local rathetive strengths of the intralayer couplings, 300-340 K for
than the long-range magnetic order. Our investigation willMn(2) and 50-100 K for Mii), with the nearest-neighbor
employ standard Monte Carlo methods and simple analytiinterlayer coupling expected to be weaker by an order of
techniques. magnitude or more. Once the KR layer orders, on sym-
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o — electronic propertié$ are also important motivations for re-

@ / search on layered compounds.
- o— The outline for the remainder of this paper is as follows:

In Sec. Il we present two frustrated bilayer systems with
generic coupling schemes, and the analytic solution to the
ground state of each model is discussed. We then discuss the
® Mn2 Monte Carlo method used to study these models and present
( results from our simulations, which extend the analytic re-
sults to finite temperatures. We establish that orthogonal in-
® terlayer order can arise from interlayer frustration without
™~ e ML appealing to spatial anisotropies. Section Il is the focus of
O our study. It begins with a description of a relevant bilayer
\ model for the pnictide oxides. Results from simulations are
3
!
-9

presented and discussed in terms of the experimental find-
D ings. The paper closes with conclusions in Sec. IV.
Il. GENERIC BILAYER MODELS
f i’b Consider a magnetic system formed from two planes,
= a where a spin on each site is allowed to interact with all its
) _ neighbors, intraplanar, and interplanar. A general Hamil-
FIG. 1. The proposed magnetic unit cell and ground state Ot[onian can be written as
SKLMn3Sh,0,. The Mn(1) layers have a square-planar structure; the
manganese atoms in the k2 layers also form a square lattice, but
the pnictogen atom@ot shown project alternately above and be- _ Qe Qa Qe KB
; = -S¥+ -SP.
low the plane. The manganese carry sBin5/2. The structurally H % J“«ZD S Sl Ji%; S Sl @
distinct layers order at very different temperatur€Byn )
=50-100 Kandryyz)=300-340 K, and along orthogonal direc- \ye denote the intralayer couplings By and the interlayer
tions. coupling byJ, . Our focus will be on classical spin systems;

metry grounds, the spins in the M layer should feel a net hfznceSf“ represents a unit vector at sitén layer « with
field of zero from the neighboring planes since the neighbor}S|=(S{+ SJ+ S2) 2= 1. The relatively large spin-5/2 of the
ing spins are antiparallel. A N¢ordered Miil) layer witha ~ Mn atoms in the pnictide oxides makes this a reasonable
random relative orientation might then at first be expectedapproximation. In this section we restrict our study to sys-
However, work by Henley shows this argument is too sim-tems composed of identical square lattices with antiferro-
plistic. On the frustrateXY model on a square lattice ther- magnetic interactions, i.eJ;=J,=J with J>0 andJ, >0.
mal fluctuations can lift the continuous symmetry of the clas-We note, however, that for bipartite geometries, i.e., those in
sical Neel state and select a ground state of two collineawhich the lattice can be divided into two sublattices such that
Néel ordered sublattice’s. In the spin—1/2J;—J, model, it  the interacting spins,j in the Hamiltonian always belong to
is the zero-point fluctuations of the spin waves that select thdifferent sublattices, the sign af is irrelevant. A simple
collinear staté? Thus frustrated systems can exhibit order bysublattice rotation changes the signJoéind maps the ferro-
this nontrivial mechanism. The suggestion for a bilayer sysimagnet into the antiferromagnet without any change in the
tem is, therefore, two collinear eeordered planes. underlying critical behavior beyond that implied by the rota-
Nevertheless, the pnictide oxides remain a puzzle. Sincéion. The geometry in which the two stacked layers sit di-
the frustrated interplanar interactions do not favor orthogonalectly atop each other is a bipartite situation. In particular,
interlayer order in any obvious way, the central issue is thdrustration is not present for such geometries.
origin of this interlayer magnetic order. It was originally sug-  However, frustration is introduced in the model through
gested that various magnetic anisotropies could drive the olstaggered geometries or lattice mismatch, which destroy the
served interlayer spin patterns. In 2D Heisenberg model sysipartite structure, and then the sign &f is relevant. One
tems, it is known that weak anisotropy can induce a phassimple frustrated model can be obtained by displacement of
transition at comparably low temperaturés* However, the top layer of the stacked system by half a lattice constant
there is no experimental evidence for any such anisotropiealong a single lattice direction, e.g., All sites in a plane sit
in the pnictide oxides. It is the purpose of this work to es-directly above or below the midpoint of a bond in the adja-
tablish that frustration due to nearest-neighbor interactionsent plane. The lattice is shown @sin Fig. 2. Frustration is
alone can sometimes yield orthogonal order. present because of the triangular arrangement between spins
While we focus on two specific transition-metal pnictide in different layers. We will refer to this geometry as the
oxides, there has been much recent experimental interest #igzag lattice. A 1D version of this model with a single line
layered magnetic materials. There is a general interest in thia they direction has been previously considered. A solvable
synthesis and characterization of layered manganese pnictideodel for this spin-1/2 zigzag chain shows a dimer state at
oxides!®® and a mixed layered chalcogenide oxide com-J/J, =0.5% However, recent numerical results indicate
pound has been prepared and studfefinding an analog to  dimer order for 0.25J/J, <0.5 and an incommensurate
the copper oxidé$ and the study of unusual magnetic and spiral order forJ/J, >0.52
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FIG. 2. The zigzag lattice and its 2D projection. In the zigzag i i . o .
lattice, (), the top square layer is offset from perfect alignment by /G- 3. The diagonal lattice and its 2D projectidh. The diag-
half a lattice constant in thi direction. The two layers are equiva- onal lattice is obtained by shifting the top layer of the zigzag lattice
lent, and the lattice is frustrated because of the triangular arrangdly half a lattice constant in the direction. The two layers are
ment between spins in different layersi)(The zigzag lattice pro- equivalent and frustration is caused by the triangular geometry be-
jected on to a plane yields a network of linear chains with first ~ tween spins in the different layersif The projection on to a plane
and second) neighbor interactions that are antiferromagnetically Yields a square lattice with first, and second neighbor interac-
coupled with interaction strength The light and dark circles rep- tions. The two layers irti) correspond to different sublattices here,
resent spins from the bottom and top layer, respectively. where the light and dark circles represent spins from the bottom and

top layer, respectively.

A second frustrated model is generated by a relative dis-
placement of the top layer of the zigzag lattice by half amensurate order along thyedirection, the direction of frus-

lattice constant in the perpendicular directian.The result-  fration. The order is described as,@), whereq is the uni-
ant lattice is shown asi) in Fig. 3. Every site is situated form twist along the chain of magnitude ops—J,/4J.
either above or below the center of a square plaquette diote thatq= /2 is obtained in the limitJ, =0. These re-
spins in the adjacent layer. As in zigzag lattice a triangulaSults agree with previous findings for the classical zigzag
arrangement between spins in different layers ensures thﬁham That is, the direction orthogonal to the displacement
the system is frustrated. We will refer to this system as theXx) is trivial, and the magnetic order simply is a repetition of
diagonal lattice. As we shall see, it is equivalent to the planaa set of zigzag chains.

J,—J, classical Heisenberg model. In translating the above conclusions to the bilayer model,

it is important to observe that the modulation along #he
direction remains invariant while the order along {hdirec-
tion changes by a factor of 2. Hence thédNphase above
As for most nonrandom classical spin systefbat not  corresponds to layers withm(27) order, where both the
quantum-mechanical onewe can solve for the ground state magnetization and staggered magnetization are zero. An ac-
of the translationally invariant zigzag and diagonal latticescurate picture is one where each layer consists of twel Ne
exactly. The standard approach is to form the Fourier transerdered sublattices with @ phase shift between the layers.
form of the exchange integral(q) = E,J(F)e'qr and then In the incommensurate region of the phase diagram, the or-
minimize to find the momenta of the stable phas&s.sim-  der within a layer is €,2q). The uniform twistq is now
plify the process we map the two bilayer models onto theirinterpreted as the rotation between nearest-neighbor spins in
planar equivalents. These are displayedigsif Figs. 2 and different layers as one moves along the direction of the zig-
3. In each case, the phase diagram for the planar model &g chain. In the limitg=#/2 a state of orthogonal order
discussed first, followed by a mapping back to the bilayetetween the layers is realized.
system. As mentioned above, the diagonal lattice can be mapped
In the planar version of the zigzag lattice, where the zig-onto a square lattice with first and second neighbor couplings
zag structure runs along theg direction, the momentum- to yield the classical;—J, model, where sublattices corre-
dependent exchange is given by](q) 2J,cosg,  spond to layers. We enforce the connection to the bilayer
+2Jcos 2),+2Jcosq,. Minimization of J(g) yields the ex- model by relabeling the interactiods=J, andJ,=J,=J.
pressions 2sing,=0 and 2J, +8J cosg,=0, from which  Hence the first- and second-neighbor couplings of the planar
we obtain the following phase diagrafn. For antiferromag- model are equivalent to the interlayer and intralayer cou-
netic interactions, one has a classicabNerdered lattice for  plings of the bilayer model, respectively. The momentum-
J<J,/4, (w,) order. (i) WhenJ>J, /4, one has incom- dependent exchange integral is noWq)=2J, (cosg

A. The ground state
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+cosqy)+4Jcosqy cosqy, and yields the following phases:
(i) For antiferromagnetic interactions, minimization (i)
reveals a classical Néstate, ¢r,7) order, forJ<J, /2. (ii)
WhenJ>J, /2, the stable phase consists of twoeNerdered
sublattices, i.e., 4,0) order. The two sublattices are inde-
pendent, so the state is highly degeneraié) (On the tran-
sition line there exists an incommensurate state with a uni
form twist between neighbor spins. We find two equivalent
states with ¢r,q) and (g, ) modulation, which are energeti-
cally the same asq(q). In the quantum version of this
model, the nature of the transition &tJ, =0.50 is an open
questior?>23

We now map the above results to the diagonal lattice. Th

magnetic layers with opposite magnetization, i.e., there is
7 phase shift between the magnetizations. The phase wi
two Neel ordered sublattices,n(,0) or (Osr) order, corre-

sponds to two independent Bleordered layers. On the tran-
sition line, J=J,/2, the two layers are decoupled and in
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the layers, hencex=p represents intralayer correlations
while a# B represents interlayer correlations. The surmif

over all sites in a given layer and the sum ovenvolves the

nearest-neighbor interactions to sitalong thex andy di-
rections. The factoN, represents the number of sites in
layer « andzis the coordination number. For classical spins,
Cj andC, measure the averagésos 6) and(sir? 6), where

0 is the angle between nearest-neighbor spins, and Hence

is large for parallel spinsd= 0,7r) and small for perpendicu-

lar ones @=7/2). In addition, their sum is always unity. In
the high-temperature limit, e.g., paramagnetic phase, these
functions approach the valu€— 1/3 andC, — 2/3, respec-

Gively.
(7, 7) state of the planar model corresponds to two ferro- y

While our primary interest is in a local ordering
henomenon—Do adjacent spins in different layers preferen-
ially orient in orthogonal directions or not?—we also mea-

sure quantities that tell us about the presence of long-range
correlations in our model systems. Therefore, we measured
the root-mean-square magnetization

some incommensurate and highly degenerate state, possibly

with (q,q’) order.

The important conclusion for analyzing experimental sys-

tems like the pnictide oxides is the following: interlayer frus-

tration can apparently result in orthogonal interlayer spin or-

der in certain situations. Specifically, for the zigzag lattice
with small J, , spins in the two layers are perpendicularly
ordered aff =0. Therefore, orthogonal order by itself cannot

be used as a proof of the presence of magnetic anisotropie@

B. Monte Carlo simulations

We employ the standard Metropolis algoritffhfior con-
tinuous spin systems of moderate size, up to<40x2

Me=\((M)?)+((M§)*) +((M$)?), (4)
where
1 2
(Ma)ZZ(N_aigaSI'a '
pd root-mean-square staggered magnetization
MI=V((MEH+((ME)H)+((MH?), (5)

where

1
N,

a

> s

iea

2

=3200 spins. To satisfy our concern about proper sampling ( a— Z Sf‘,a” ,
of phase space in the presence of frustration, where rough Jea
energy landscapes are a potential problem, fixed temperatugg each layer. The 2D classical Heisenberg model has long-
simulations in each region of,the respective phase diagram@inge order only af =0, and we do not expect these bilayer
were performed with random, & and ferromagnetic initial models to behave any differently. However, the correlation
configurations in the layers. In all cases considered, convelength ¢ rises very rapidly a is lowered. When it eclipses
gence to a unique solution was observed. Our results alsgyr sample size, we have maximum values Kb or M,
compare well to the analytic solutions B&0. Monte Carlo e, M“=M2=1.0.
data presented are from runs with random initial spin con- \ye begi; with the zigzag lattice. We performed simula-
figurations. _ o tions on systems of linear size=40, or 3200 spins, with

To distinguish between the different phases within each,,ey houndary conditions. Periodic boundary conditions can
model system, we measured several observables. Thierfere with the system’s preferred orderrif) is not a
ground-state energy per spi=(H)/N, has an analytic iiiple of 2. Edge effects were not appreciable beyond
form for each model and thus can b_e used for COMparSothe perimeter sites. Hence averages were formed from all
purposes. To probe the local magnetic order, both intralay€fjies except those in the outer strip of the lattice. For each
and interlayer, we defined a pair of local spin-spin correlay 4 ,e of J/3, , whereJ, =1.0, the lattice was equilibrated
tipn funct!ons that distinguish between parallel and Perpens, . 15000 sw,eeps and then i5 000 measurements of our ob-
dicular orientations, servables were made. One sweep represents one update of all

(Mga)2=[

B 1 20 28 2 spins in the system. The interval between measurements var-
Cj= ZN ZI E (S*-S557) 2 ied with temperature and coupling strength, the range being
“ ° from 10 to 40. Error bars represent the standard deviation of
and the observable. Note that we uskeg=1 in all simulations.
1 In  setting the interaction strengths toJ/J,
a,B_ Qay, @B N2 =0.15, 0.25, 1.0, 5.0 and sweeping through temperature,
L <zNa Z Eg (SS9 > ® we were able to capture the temperature evolution of the

three phases of interest. In ther,@) region of the phase
diagram, J/J, =0.15, and at the transition point}/J;
=0.25, we found that foiT<J, a collinear state between

We refer to these as the coIIineﬂW, and perpendicular,
C®#, correlation functions. Superscriptsy,(3=1,2) label
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strength for the zigzag lattice. In the bottom panel the interlayer
collinear correlation shows increasing parallel alignment between
FIG. 4. Temperature dependence of the local interlayer spinthe layers as the inverse temperature is increased/fr<0.25.
spin correlation functions for the zigzag |am@%’2 and 0.&1?are  The dashed line is th&=0 analytic result. Above this transition
plotted so that both give 1/3 in the high-temperature limit. At point, the uniformly twisted spin state is established. Convergence
J1J,=0.15 a collinear state is observed at low temperatures. Théo the T=0 analytic solution(solid line) improves with increasing
collinear state is still present at the transition poiiit], =0.25, but 3. An orthogonal stateC{*—0, is obtained in the thermodynamic
for larger values a uniformly twisted spin state is expected. Thdimit. In the top panel,ﬂthe intralayer collinear correlation along the
presence of the twisted state is indicated by an enhanced perpedirection of frustratiory also shows convergence to tiie-0 ana-
dicular correlation at low temperatures, which is clearly shown forlytic solutions(dashed and solid lingsvith increasingg.
the case of)/J, =5.0.
and sweeping the interaction strength. Rungat5,10, 20
were performed and the data for the ener@y;’, andCj*

nearest-neighbor spins in different layers was favored. Thi hibited | q ith thie=0 tic f
was signaled by an enhancement of the interlayer collinear Ited Improved agreement with tfie=0 analytic forms

correlation,Cj?, relative to the high-temperature limit of 1/3 with increasing inverse temperature. Comparisons for the

o . _inter- and intralayer correlations are shown in Fig. 5. We
atlow T. The layers showed no net magnetization. Movmgunderscore that an orthogonally ordered state is predicted for
the simulation into the twisted spin region of the phase dia- . thog y P

small interlayer coupling.

g;a:mér‘]]é‘.]é T;'.?] ,te?iglg\r/ecgr?sg iy()eglvgnaesntzintc(;en:neer;tatmrethe These finite-temperature results lend important insight
S P dl g | IT~0y5] H 108, ", diff P | U “into the temperature at which significant local interlayer or-
ropped belowT~0.5). Hence spins in different 1ayers o oocyrs, In particular, we see that local orthogonal inter-
moved toward a state of orthogonal order. A nonzero Stagrayer order occurs beloW~0.5] when one is in the spin

gered magnetization was observed in each layer. Plots of th@anted region of the phase diagram, which was observed for
interlayer collinear and perpendicular spin-spin correlati0n§,uns withd. /3=0.2 andJ. /J=1.0 ((,jata not shown We
1 - Y 1 Bt

for J/J, =0.15, 0.25, 5.0 are provided in Fig. 4 . also see that the onset of this uniformly canted phase occurs
In the ground state, the energy and local spin-spin COIMe3t the predicted ground-state value B8, =0.25 whenT

lation functions have simple analytic forms. In the,r) <0.25 +

region of the phase diagram up d6J, =0.25, the energy is N

) . . W ider the t ture d d f di I
independent of the intralayer couplirg,(,7)=—J, , and © Now consider the \emperaure cependaence o diagona

; : . ; lattice in the three phases of interest. The run parameters for
th(_e collinear correlations are fixed at 1. In the “”_'fom?'y the zigzag lattice were used with the substitution of periodic
twisted phase, 4,q), the energy and mterlaygr SPIN-SPIN f6r open boundary conditions. We set the intralayer interac-
correlation are described b,(m,q)=—2J-J7/8) and  ion strength to yield the valued/J, =0.15, 0.5, 1.5, 5.0
C{"#=cog q=J1/161%. The intralayer spin-spin correlation and then varied the temperature. Below the transition line,
along the direction of frustration also dependsdandJ,  where one is in the#,) phase, a collinear state between
according to the relatiorC{"“(y) =cos 2q=(J1/8J°~1)*  the layers was found as the temperature dropped b@low
the intralayer correlation alongis equal to unity. Equations ~J, . Above the transition line, in ther,0) phase, and in
for the perpendicular correlations can be obtained from théhe region of experimentally realizable coupling®/J,
identity Cj+C, =1. =1.5, 5.0, a collinear state was observed at temperatures
Additional insight is obtained by fixing the temperature below T~0.5J, in agreement with the zigzag lattice for



PRB 61 MAGNETIC STATES IN FRUSTRATED BILAYRR . .. 14 575
1_ = T T T T ] 1 & A [ ﬂlﬁ ~ é g g.g g $
08 =g 1/3=0.15 o G A ol < i a toe%  La8=y
0.6_— s 0.5C 1,2: EE & GEEE
0_4__ = = I 28 g g g glg _;; - 0.6 — 1= .8 o B=5.0
- o © © = a
e ¢ | . | . 1 = A B=20.0
1 1 ' | ' 02k .
L 2 i
0.8 N J/.B_: o C" . ; I : I :
0.6_—9 o 0.5Cl1‘2j —ggiﬁ P |
04~ © _ 08Fe o A b oo * O
N 2888888889 L 8 s, *° PPN
0-2__e ] N 06~ Ee EEEE ]
| | | ( T = B =
' ! ' ' ] © o4l = -
088 Iy =15 o G L |
r = 7 0.2 —
06— ¢ 0.5C "2 ol ]
L = i
L = ] 0 ] 1 ] Il
0'4_ Qgﬂeaaaaap 0 0.5 1 1.5
02 - 7 NIAN
0 I . I .
0 0.5 1 1.5 FIG. 7. Interlayer and intralayer correlations as a function of
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+ collinear state between spins in different layers is indicated on both

FIG. 6. Temperature dependence of the local interlayer spinsides of the)/J, = 0.5 transition point. In the top panel, spins in the
12 and c12 same layer also tend toward a collinear alignment on the two sides

spin correlation functions for the diagonal lattiog;
along thex andy directions are averaged aﬁl}z is scaled to give of the transition point. The suppression in both correlation functions
' =0.5 suggests a slight canting of the local moments.

1/3 in the high-temperature limit. In the three cases shown, one gt I,

below, J/J, =0.15, at,J/J, =0.5, and above}/J, = 1.5, the clas-

sical transition point of thd; —J, model. A collinear state is dem- tion; above this line the system organizes into tweeNar-

onstrated at lowf in all cases. dered planes. These features are clearly demonstrated by the
magnetization and staggered magnetization data of the iden-

pected, a paramagnetic lattice is realized down Tto
~0.5], . At lower temperatures there is a weak separation of
the values ofC{** and C}?, indicating a state canted away
from strict collinearity. The Monte Carlo data fal/J,
=0.15, 0.5, 1.5 are shown in Fig. 6.

In the ground state, the energy takes on simple analytic
forms in the regions separated by the lidé], =0.50. Fol-
lowing the description of the planar—J, model, the en-
ergy below the transition line is given b¥,(m,7)=
—2J,(1-J/3)), whereas above that line the relation is in-
dependent of the interlayer couplirig,(,0)= —2J. On the
line the energy is given b¥,=—2J, and is highly degen-
erate. Monte Carlo simulations at fixed inverse temperatures
of 5, 10, and 20 capture the essential features of the ground-
state phase diagram, these features becoming sharper with
increasingg.

In Fig. 7, the collinear spin-spin correlations are enhanced
on either side of)/J, =0.5. The dip at the transition point
indicates weak canting between neighboring spins, with the
behavior identical along either lattice direction. This sug-
gests the equivalence of the two classically predicted states
of (7r,q) and (@, ). The simulation also captures the proper

-0.5

{

o

[
I

A

o B=5.0
o B=10.0
A B=20.0

5 o

05

—_
(3]

energy dependence of the ground state, see Fig. 8. Despite g g average energy as a function of the interaction strength

the similar enhancement @Hl'z and Cﬁ'l at low T on both

for the diagonal lattice. Monte Carlo data at three inverse tempera-

sides ofJ/J, =0.5, the two collinear states are not magneti-tures are compared to th€=0 analytic solutionsE(w, )=
cally equivalent. Belowd/J, =0.5 the system consists of two —2J, (1—J/J,) (solid line) andE,(r,0)= —2J (dashed ling We
ferromagnetically ordered layers with opposite magnetizaebserve convergence to the ground-state results with incregsing
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JiJ the experimental geometry onto a plane. Sites in th¢lMiayer are

represented by dark circles, while sites in the(RJrayer are rep-
FIG. 9. Magnetization and staggered magnetization as a fund:esented by light circles. The lattice constant fpr the(MrpIane is

tion of interaction strength for the diagonal lattice. Beldhd,  Set ata=1; therefore, the Mi) square plane is described by the

=0.5, we observe a system composed of two ferromagnetic layer@nstanto=12. The intralayer couplings are shown &sand J,,

with opposite magnetization; above the transition point, the twoand the interlayer interaction is indicated by .

layers become antiferromagnetically ordered. These two states cor-

respond to the4, ) and (zr,0) phases of the plands—J, model, other layer. Again as in the pnictide oxides, the model has

respectively. antiferromagnetic nearest-neighbor coupling within each

layer and frustration caused by antiferromagnetic interac-
study of the diagonal lattice is that frustration caused by thigions between nearest-neighbor spins in different planes. A
geometry does not drive the order in the two layers to lie in2D projection of our bilayer system is given in Fig. 10. We
perpendicular planes. will refer to this model as the mixed layer model. If we tet
denote the linear dimension of the smaller lattice, then the
Mn(2) layer containan? spins, while the Mfil) layer con-
tainsn?/2+n+ 1 spins. Note that the interlayer coordination

In the preceding section we saw how local interlayer or-of spins in the two layers is different. A site in the Mn

der is established in two simple layered models with geometlayer has four nearest neighbors of type (n however,
ric frustration. The zigzag lattice gave orthogonal interlayersites in the Mii2) layer have only two nearest neighbors of
order at low temperature and wedk/J, but the diagonal type Mn(1). Hence, there are components of both the zigzag
lattice exhibited collinear order in this same coupling regimeand diagonal lattices in this geometry. The model Hamil-
In this section we develop and investigate a representativonian is similar to Eq(1), which we explicitly write as
model for the mixed layer pnictide oxides; our focus is on

Ill. THE MIXED LAYER PNICTIDE OXIDES

the nature of the local interplanar order. As was discussed in _ (1), &), 3(2) &(2),

Sec. |, these compounds contain square planes of mixed H Jli% S S'+51+J2;52 S Sl*f?z
chemical environment which order orthogonally in the

ground state, see Fig. 1. The dominant interactions are be- E 2(a) &(B)

tween nearest neighbors in the same plane, with a weak cou- +Jii 5 S 'Siﬂi ' ©)

pling between sites in adjacent planes. They also possess the

interesting features of CuQike planes and a NiF, mag-  The summations 06, are over nearest neighbors to site

netic substructure, both key components to many investigarhe exchange interactions for the &nand Mn(2) layers
tions in metal-oxide materials. The same Monte Carlo techare J; and J,, respectively, and the interlayer exchange is

niques used to study the diagonal and zigzag lattices arg@enoted by, .
employed here. We begin with the presentation of our model

and then discuss the results from our simulations. B. Monte Carlo results

We have performed simulations of this model for system
sizes as large as=40, i.e., 841 sites on the Mb) layer and

Our bilayer model contains a layer of type Mnand type 1600 sites on the M@) layer. Equilibration times ranged
Mn(2), i.e., the two distinct and inequivalent square planes ofrom 15 000 to 25 000 sweeps through the lattice followed by
the pnictide oxides. One layer is larger by a factok/@f and  as many as 15000 measurements taken at intervals of 10-25
rotated byw/4 with respect to the lattice directions of the sweeps. Also, because the mixed layer lattice contains geo-

A. The bilayer model



PRB 61 MAGNETIC STATES IN FRUSTRATED BILAYRR . .. 14 577

—_
=
4

—

T T T T T T T

Nl 3 &
B E = e a
12 i
08 o G gz W 1 e 5,=1.0 1L,=20 J=0.1
12 U =
06— O OSCL 0.1 E . | I | I | I | L 37 081 fird ) -
r 0 0.5 1 15 2 257
0'4_§E s & ooB8 @ BT/JE aee 8 . n ° Msg
02" i g o M
L ] 05| I 4
R e 3 g
N | | | | i
08— e o CX -
L — .4 -
0.6 ©e 9N a 0.5CJ_2‘2 — 0 %
L o) - L 4
04— © e e g g g —
L s 8 8 ]
0.2 s ®a®® © - 02 ] g y
[aa, = | | | ] T
1 = I | I | = | : | : s -3 u -3
S T ® e o o838 8
08 © o Gp - 0 ) L . ! : L . l .
- ° o 0504 ] 0 5 10 15 2 2
06 — N 1 T
L =] 4 T/
- 8 _ L
04r -uoE &8 8 &8 esee & | _
021 s B _ FIG. 12. Temperature dependence of the staggered magnetiza-
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which is supported by the enhancement of the local intralayer spin-
T/JJ_ spin correlations shown Fig. 11.

FIG. 11. Temperature dependence of the local interlayer and2, the Mn2) layer is strongly ordered, i-e-an(z)
intralayer spin-spin correlation functions for the mixed layer model,mLMn(z), by the time the staggered magnetization in the
J;1=1.0, J,=2.0, J, =0.1. In the bottom and middle panels, the Mn(1) layer begins to rise. The interlayer correlatio@$;”
collinear and perpendicular correlation functions for the(Mrand  remain at the high-temperature limit even beléw J, , see
Mn(2) layers, respectively, are plotted. Neighboring spins within atop panel and inset in Fig. 11. Hence a transition to a state
layer tend toward a collinear alignment whes-J, . The interlayer  \yith significant interlayer order when the temperature is ap-
correlations remain at the_high-temperature limit, 1/3, for all tem'proximately half the intralayer coupling, as observed in the
peratures, top panel. The inset shows results atTow zigzag and diagonal lattices, is not found here. Our calcula-

tions, therefore, suggest a system of composed of two inde-
metric properties that are characteristic to the both the zigzagendent Nel ordered layers.
and diagonal lattices, we wanted to investigate the effect of If the intralayer couplings are fixed as described above
different boundary conditions on the physics of our model.and a sweep id, is performed, we find, at fixed tempera-
Hence we simulated the mixed layer model with three dif-ture, that the two layers are ordered antiferromagnetically for
ferent boundary conditiorigeriodic, open, and periodic with all interlayer couplings. Specifically, we observe no variation
an effective field on the M) layer] and found no qualita- in the staggered magnetization or the local spin-spin correla-
tive difference in the results due to the conditions imposed ations in each layer, see Fig. 13. However, measurements of
the boundary. To improve the statistics in the Monte Carlothe interlayer correlations{:”l*z, indicate that the two layers
data, periodic boundary conditions were used in the collecare independent for weak, , i.e., J, <0.25, the case of
tion of results presented here. Our discussion begins withveak frustration, but move toward a dominantly collinear
Monte Carlo data from fixed interaction and variable tem-arrangement a3, approaches;, the case of strong frustra-
perature runs. tion. The fluctuations irCH1'2 are significantly greater than in

From the experimentally observed ordering temperatureghe zigzag or diagonal lattices fdr <0.6 and are driven by
of the two distinct layers, one expedls to be stronger than the competition between collinear and perpendicular order-
Ji. Then because of the insulating layer of Sr between thehg tendencies of the geometry. We, therefore, have treated
Mn(1) and Mn(2) layers, aJ, that is weaker by an order of (jfferent initial conditions to check our results and observe
magnitude is a reasonable expectation. Hence, a mixed lay@ecoupling of the layers at weak independent of whether
model with experimentally representative interactions wouldhe initial configuration of the simulation was ordered or
be roughly described by,=2, J;=1, andJ, =0.1. Simu-  random, see Fig. 14. Hence, fluctuations between spins in
lations of this model have been performed, and some resuligitferent layers do not break the continuous symmetry of the
do agree with experiment. The N#) layer orders locally ordered state when the frustration is weak but do when it
before the Miil) layer with the respective ordering tempera- pecomes strong, or wheh =0.5, choosing a collinear state
tures following the trend’,~J, andT;~J; as is reasonable. petween the layers. As mentioned above, the boundary con-
This is Clearly demonstrated in the measurements of the |rU|t|onS emp|0yed also had no effect on our results. There-
tralayer spin-spin correlations, see Fig. 11, wh&@g“  fore, in a model with experimentally motivated interaction
breaks from 0.87"* and the high-temperature limit of 1/3 strengths, frustration alone does not drive the spins in differ-
when the temperature decreases below the exchange energnt planes of the mixed layer model to order along perpen-
Each layer seeks its own Mlestate, but as is shown in Fig. dicular directions.
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FIG. 14. Interlayer spin-spin correlations as a functionJof
L with J;=1.0 andJ,=2.0. The simulation was initialized in either a
random or Nel state. For]i<0.25,C”1’2remains near the paramag-

FIG. 13. Magnetic qrd_er in the mixed layer mod_el._ The local netic limit of 1/3. A tendency toward larger values and thus a more
and long-range order within each layer of the model is Independen(Eollinear state between the layers occursJor-0.25. The transi-
of the interlayer coupling for values representative of the experi-

) tion is more abrupt at lower temperatures.
mental systemJ; = 1.0 andJ,=2.0. Mg andCj"* are larger in the P P

Mn(2) layer than the ML) layer at fixed temperature. ) ) ; ) )
=0, which yields a Nel ordered Mf2) lattice with the

Mn(1) spins aligned perpendicular to the local (@henvi-
ronment. There is no long-range order within the ()n
lane. The effect of finite]; was studied by Monte Carlo,

We verified these qualitative arguments with a few simu-
lations with a larger number of layers. For experimentally
motivated interaction strengths, we observed quaIitativeI)P
the same behavior that was found for the bilayer model. As a
function of temperature, the M2) layers order first followed : ' I ' ' I '
by the Mn(1) layers. The final state is a collinear arrange- |8Bag,
ment of spins on the different layers. & o f=l0

, . . So¢ =20

As we move away from experimentally motivated inter- sk °e ® s ]
actions, let us consider several interesting limits to our mixed
layer model. AtJ,= 0, the resultant system is a square lattice - ¢ &
with three sites per unit cell and a N site at the center of
the cell. Minimization of the momentum-dependent ex- 06
change integral gives cogh/2=cosqyb/2= —J,/4J, where 9 °
b is the lattice constant of the Mb) layer. Therefore, a o |
(7r,7) state between M) and Mn(2) spins is expected for 0
J/J, =<0.25, while a uniformly canted stategq,(), is pre- 8
dicted forJ;/J, >0.25. In the limit of weakl, , an antifer- . 8
romagnetic Miil) lattice is realized with the M{2) sites
randomly oriented in a plane perpendicular to the staggered 02
magnetization. Monte Carlo runs at fixed temperature and
J, =1.0 show a transition to a uniformly twisted stateJat
~0.25. In Fig. 15, the interlayer spin-spin correlation func-
tion exhibits the same sort of behavior that was observed for 0 05 1 15 2
the zigzag lattice in Fig. 5. In agreement with the0 so- I
lution, the Mr(1) and Mn(2) lattices have nonzero magneti- !
zation belowJ;=0.55, and in the limit of strongdy, i.e., FIG. 15. Interlayer spin-spin correlations in the lindit=0 and
J1>1.0, the Mril) lattice has a net staggered magnetization =1.0. The enhanced values f 2 at weakJ, indicate a system
Another interesting limit is obtained when one consid&ss  with local collinear order between the layers. A transition to a uni-
=J, =1.0. AtJ,=0, one has a square lattice with alternat-formly rotated phase at,>0.25 is marked by a suppression in the
ing squares centered by isolated (#nspins. The ground interlayer correlations. The behavior here is reminiscent of the situ-
state is determined from the solution to 2 g2+ cosq,/2 ation observed in the zigzag lattice, refer to Fig. 5.
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FIG. 16. Interlayer spin-spin correlations of the mixed layer

model withJ,=J, =1.0. ForJ;=<0.25, we observe a trend towards J1

local perpendicular order between the two layers with increg8ing o ] ]
A sharp transition to a local collinear state occurs when thé1Mn FIG. 17. Staggered magnetization of the mixed layer model with
sites are more strongly coupled. J,=J, =1.0. Our simulations detect a sharp transition in thgyin

layer atJ,>0.25 from a paramagnet to an antiferromagnet, bottom
and our results support tHE=0 picture. In particular, we panel. The M(R) layer is antiferromagnetically ordered at all val-
see a trend toward local orthogonal order between thélMn U€s 0fJ1, top panel.
and Mn(2) layers at weakl; and low temperatures. We also _ _ _ )
find that the Mii2) layer is antiferromagnetically ordered mteraptmns. With a model using experjmentally reasonable
while the Mr(1) layer is paramagnetic. Hence, the orthogo-couplings, we observed two independeneNerdered planes
nal alignment between moments in different layers is strictlyin the case of weak frustration that seek a collinear arrange-
a local phenomena. A transition to a collinear state anel Ne ment asJ, —J;, or as frustration increases. If viewed as a

order in both planes occurs fd5>0.25. Figures 16 and 17 Situation of order from disorder, then the preference for a
show the Monte Carlo data f@ﬁ’z andMs. collinear state is in agreement with the work of Hentdy.

We emphasize again that even though the crystal structure
of the pnictide oxides is three dimensional, the important
interactions describe a 2D magnet. The experimental results

We have found that frustration caused by lattice mismatchunambiguously show that order within the planes is estab-
as planes are stacked can lead a layered system to ordéshed first. It is only as a consequence of these ordered lay-
along orthogonal directions. This perpendicular state is serers that weak three-dimensional order is observed. The effect
sitive to the geometric structure and strength of the interacoef ordered planes on the 3D magnetic behavior of layered
tions. Frustration caused by lattice offset along a single diantiferromagnets has been considered before, both theoreti-
rection yields a uniformly twisted state, fdfJ, >0.25, that  cally and experimentally, in the case obiF,.**®%>We
becomes orthogonal in the limit of weak , the coupling believe that a better understanding of the various phases of
responsible for frustration. The temperature dependence dhe pnictide oxides would result if a relatively clean crystal
this transition was observed to Be~0.5]. The diagonal could be synthesized and studied.
lattice also exhibited interlayer order at low temperatures, We conclude that frustration caused by nearest neighbor-
but it was always to a collinear state between the layers. In #teractions, both intra- and interlayer, in the mixed layer
mixed layer model appropriate to the pnictide oxides, a locapnictide oxides is not sufficient to explain the long-range
orthogonal state between the layers can be obtained, but i@thogonal order that is observed experimentally. Thus, in
existence is sensitive to the strength of the interactions. Spéhese systems it is likely that other terms in the Hamiltonian,
cifically, when J,=0 or J,=J, a perpendicular state is €.g., local anisotropies, are required to explain the magnetic
found for J, /3;,—0 or J, /J;>4, respectively. Therefore, behavior.
simple arguments suggesting “cancellation” of interactions
due to frustration lead to the absence of order are clearly
unfounded.

Although these cases are interesting, they do not represent We acknowledge the generous support of Campus-
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