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Abstract. Spin-glass-like freezing in the triangular-lattice random mixed antiferromagnet
YFeMnOy has been analysed by Monte Carlo simulation. Experimental results on random diluted
LuGaMnQy have also been presented. The analysis provides a qualitative interpretation of the
experimentally observed spin freezing in the random mixed system YFgMsQvell as the
diluted systems LuGaMnfand LuFeMgQ. The non-uniform antiferromagnetic interaction due

to the random distribution of Mt and F€* in YFeMnQy prevents long-range spin ordering,

but instead it causes well-defined short-range correlation and a distribution of the relaxation
time. The simulation demonstrates the formation of a higher-order structure of the short-range
correlation at low temperatures. The development of a long-range correlation of quasi-static
spins at the cusp temperature of the susceptibility is discussed.

1. Introduction

It is now widely recognized that a spin-freezing phenomenon similar to that exhibited
by spin glasses occurs when random magnetic defects or impurities are introduced in
antiferromagnetic compounds which are based on structures such as triangular- [1, 2],
kagone- [3] or tetrahedral-network lattices [4, 5]. Theoretical studies have also suggested
that randomly diluted antiferromagnets with geometrical frustration inherent in the lattice
show spin-glass-like freezing [6, 7]. Recently, with this in mind, we presented a report [8]
(hereafter denoted as 1) in which the randomly diluted triangular-lattice antiferromagnet
LuFeMgQ,, which shows clear spin-glass-like behaviour, is investigated. Comparing a
Monte Carlo simulation with experimental results on LuFeMg@e have presented a
microscopic description of the freezing. Although it has been argued that there is no finite-
temperature transition in any short-range spin glasses in two dimensions [9-11], our analysis
of cooperative freezing in a quasi-two-dimensional random frustrated system based on a
two-dimensional model seems to be sufficient for interpreting the experimentally observed
freezing at 33 K in LuFeMgQ In the experimental sense, we consider the observed (or
simulated) cusp temperature of the susceptibility as the point at which some long-range spin
correlation is detected, at least on the timescale of our observation. It would be valuable to
evolve a study of this cooperative freezing in this random frustrated system, since, in our
view, essentially the same physics as for conventional spin glasses applies.

In this report we present an analysis of another prototype random frustrated system,
YFeMnQy, which also shows clear spin-glass-like behaviour and in which the frustrating
‘non-uniform’ antiferromagnetic interactions on the triangular lattice seem to cause this
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glass-like behaviour. A random diluted system, LuGaMnias also been studied with the
aim of obtaining consistent models for three random frustrated systems: the dilifted Fe
system, the diluted Mit system, and the F&é—Mn?* mixed system.

Figure 1. The crystal structure of RE6s-type oxides. The local structure in which the
transition metal ion is surrounded by five oxygen ions is also shown. The distances between the
metal ion and the oxygen ions are the values determined fopQfe

The oxides studied here are insulators, and have,@ftpe layered hexagonal
(rhombohedral) structure [12, 13] in which adjacent pairs of triangular nets of magnetic ions
form an undulating honeycomb lattice (figure 1). YFeMni® a mixed antiferromagnet
in which two different magnetic ions, Fe and Mrf*, are randomly distributed on the
triangular lattice in the ratio 1:1. Spins in these compounds can be treated as Heisenberg
ones withS = g’ The magnetic properties reported so far for LuFeMgnd YFeMnQ
are characterized by anisotropic spin-glass-like behaviour [14, 15]. The dc susceptibilities
of these two compounds show clear spin-glass-like cusps at 33 and 60 K, respectively, and
typical cooling-field dependences appear below the temperatures at which these cusps occur,
Teusp The ac susceptibilities also show spin-glass-like behaviour Y1) is anisotropic
for these compoundsy with Hey parallel to thec(z)-axis is always larger thag, for
T S_, 5Tcusp

A short-range spin correlation based on the triangular E2Qicture is commonly seen
in these compounds [8, 16, 17]. Although the short-range correlation observed in neutron
scattering experiments does not show any anomaly at the cusp temperature, it plays an
important role in this study. In order to interpret these experimental findings, as in I, we
perform a Monte Carlo simulation of the random mixed system and discuss the spin freezing
in YFeMnQ.

First, experiments on LuGaMnOwill be presented, because information about the
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Figure 2. The temperature dependence of the dc susceptibility of LuGaMr#Ocusp occurs
at 11 K in the zero-field-cooleg (T).

exchange interactiodynv, between MA+ ions is required in addition to information on
Jeere Then, using the values ofzere and Junmn determined, the random mixed system
YFeMnQy (or LuFeMnQ) will be analysed.
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Figure 3. The neutron elastic scattering intensity measured a(t%m@, ¢) and(h, h, 0) (inset).
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2. Experimental results; LuGaMnO4

LuGaMnQ, was synthesized from a mixture of starting materials: 99.9% pus©4,199.9%

pure MnO and 99.99% pure gaz at 1400°C under a controlled atmosphere of a £6,
mixture gas. Single crystals were grown by the conventional floating-zone method from a
sintered rod of powdered LuGaMnOFigure 2 shows the DC susceptibility of the single
crystal measured by a SQUID magnetometer under an external field of 100 Oe. A clear cusp
is shown atlcusp= 11 K in x(T), and belowl,s, a cooling-field dependence is observed.
There is no detectable cusp in (T), and the difference between the field-cooled and zero-
field-cooled values is small. This feature is also shown by LuFeMd®14], but with a
higher freezing temperaturd{sp = 33 K for LuFeMgQ).

~ 020 T T
3 - e LuGaMnO,
5016_0LUF9MQO4 _—
o L
% L
z 012 .
3 L ]
80.08_‘ 7]
= Ego{oie {G J
= - 4
I0.04_
% i Resolution

000 BT b b by

0 1 2 3 4 5

T/ Teusp

Figure 4. The temperature dependence of the widths oté’;e%, 0) diffuse peak for LuGaMn@
and LuFeMgQ. The temperature is normalized with respecgsp

Neutron scattering measurements were carried out on the TAS-2 spectrometer at JRR-
3M (JAERI, Tokai, Japan). Since a large single crystal was not available, several pieces
of small =25 mn?) single crystals were mounted on a holder. Figure 3 shows the elastic
scattering intensity measured along, %,E) and (h, h,0). Short-range spin correlation
characterized by the diffus(%, % ?2) ridge has been observed at temperatures below 45 K,
which is considerably higher thafi,s, The scan along shows that the correlation between
the layers which compose the bilayer is weak. The temperature dependence of the width
of the diffuse(3, £, 0) peak in LuGaMnQ is compared with the corresponding results for
LuFeMgQ, [8] in figure 4. Note the identical correlation lengthis £ 9.5 ,&) for the two
compounds at low temperatures. The short-range correlation length appears to be dependent
only on the geometrical connectedness of the magnetic ions in this diluted system, with the
magnetic ion concentration= 0.5. This experiment shows that the behaviour of the spins
in LuGaMnQ, is essentially the same as in the case for LuFelgO

3. Monte Carlo simulation

The Monte Carlo simulation, assuming classical Heisenberg spins with one-ion axial
anisotropy, has provided a qualitative explanation of the magnetic properties of the diluted



Spin correlations in a random mixed antiferromagnet 4061

system LuFeMg@ The assumed model Hamiltonian is
H=) Ji;Si-8 =D (5)*+j) S-S @
{i.j) i (i.k)

whereJ and j are the magnitudes of the nearest-neighbour antiferromagnetic interactions
within the triangular layer and between the layers, respectively, land the anisotropy
constant.

For the analysis of YFeMn§) however, the model needs slight modification, because
a preliminary analysis using (1) was not sufficient in view of the following two features:

(i) the z(c)- and xy- (in-plane) components of the spins form a cusp at the same
temperature in YFeMng) while the Hamiltonian (1) gives different freezing temperatures
for the z- and xy-components; and

(i) M ossbauer measurements [14] suggest that the spin direction®of iFaearly
isotropic in YFeMnQ at the lowest temperature, but the simulation using (1) shows a
substantial difference between theand xy-components.

The discrepancy is partly removed if an in-plane anisotropy is included in addition to the
axial one,D. It is fairly reasonable to include the in-plane anisotropy, since the strong
frustration forces spins to form non-collinear local structure, and the anisotropy within the
c-plane is responsible for the degree of freedom of thecomponents. Considering the
fact that each of the magnetic ions is surrounded by three oxygen ions ulame as
shown in figure 1, we assume the in-plane anisotropy energy term to be

1 . .
F 5G((Se +18)° + (Se =18, = FG(S] — 35:5)) @)

where the minus and plus signs correspond to the spins on the upper and lower layers,
respectively. Note that the time-reversal symmetry of the Hamiltonian is maintained because
the axis is reversed in the lower layer. As regards the rather strong anisotropy found for
Mn?+ and Fé*, it is worth noting that the strong anisotropy for®Fes also found in a
hexagonal magnetoplumbite [18] and that the situation is nearly the same as in the present
case in which the crystal structure leads to low-symmetry coordination of the anions.

Further modification of the model Hamiltonian may be possible by taking into account
the dipolar interaction and/or higher-order anisotropic exchange interactions which specify
the coupling between different spin components, in order to reproduce the simultaneous
freezing of thez- andxy-components in YFeMng We have not included such anisotropic
interactions in this study, however, mainly because of the increase in the computation time
required that would ensue and because of the difficulty of discussing detailed exchange
interactions in the strongly disordered local environment in the oxides. Except the
simultaneous freezing of the andxy-components—as will be shown later in this section—
the experimentally observed magnetic properties of YFeMma@e reproduced by this
simulation. Since there is no qualitative difference betweenzthand xy-components
as regards the simulated freezing properties, we discuss the freezing in this random mixed
system on the basis of the Hamiltonian (1) and (2). At the present stage, the model seems to
be sufficient for qualitative interpretation of the spin freezing in this random mixed system.
It should also be mentioned that the introduction of the in-plane anisotropy does not lead
to any qualitative change in the simulated results for the diluted system.

For the analysis of YFeMng) a set of parameters have been roughly estimated by
comparing the freezing temperature and the anisotropy for the three compounds LukeMgO
LuGaMnQ;, and YFeMnQ. As noted in the introduction, we consid&gsp as the temp-
erature at which some change in the spin correlation is detected on the timescale of our
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Table 1. The experimentally observed.,sp and ®p for three compounds. The antiferro-
magnetic nearest-neighbour exchange parameter®arzhlculated using these parameters are
also tabulated. (The other parameters &&/Jrere = Dmn/JIMnmn = 0.2, Gre/JreFe =
Gmn/Junvn = 0.18, andj = 0.2Jrerd.
Sample Teusgexperiment) (K)  ©p(experiment) (K) Tcusp/s2 J (K) Op (K)
LuFeMgQy [14] 33 ~ —600 Q23Jere 23 —40F
LuGaMnQy 11 ~ — 150 Q023J/Mnmn 7.7 —13#
YFeMnOy4 [15] 48 (60)P ~ — 800 Q29JFerE  Jrere= 23 —5019
Jvnmn = 7.7
JFeMn =133
3 @p=—2(6cJ +3¢/)S(S+1),c = 05.
b Sample dependent; see the text.
¢ For thez-component.
4 ©p = —5(5@Jreret 3/nnmn + 6Jremn) + 3/)S(S + ).
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Figure 5. The uniform susceptibility for the model of YFeMn@alculated using the parameters
given in table 1. The arrows indica®ysp for the z- and xy-components. The inset shows the
specific heat. The temperatures are scaled with respettta/rere throughout this study.

observation. The parameters are summarized in table 1. In the simulation of the mixed

system, all of the parameters and energies (temperatures) are scaled with respegt to

Therefore the simulated results will be shown with the temperatures scaled with respect

to Jrere throughout this study. Note that the difference between the valugg,gf for
the two diluted compounds leads there having three times the magnitude @finwn.

According to the empirical relation given in [19], a geometrical mean has been used
The same ratio was used for both and

for the interaction between Ee and Mrt.

G; DFe/JFeFe = DMn/JMnMn = 0.2 and GFe/JFeFe = GMn/JMnMn = 0.18. For further
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simplicity, the weak interlayer interactiop is assumed to be independent of the type of
magnetic ion. The simulation was carried out for spins with unit Iengtthutg was used

for the estimation of the parameters. The paramagnetic Curie temperé@tpreslculated

using the estimated parameters and the experimental values are also compared in the table.
The calculation gives a reasonable account of the observedshigis well as the lowWcysp
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Figure 6. The dc susceptibility of a single crystal of LuFeMpQvhose magnetic properties
are almost identical with those of YFeMaO
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Figure 7. Time- and configuration-averaged spin components for the model of YFgMnike
average ofS, and S, is plotted for the in-plane component. The dotted lines represent the
calculation without in-plane anisotropy.

The procedure of the simulation of the random mixed system is identical to that described
in 1. Employing a standard Metropolis method, several physical quantities were calculated
for about 10 000 Monte Carlo steps (MCSs) subsequent to about 10 000 equilibrating steps.
The calculations were carried out for 30 x 2—45x 45x 2 lattices with periodic boundary
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conditions. Averaging over 5-10 independent random ionic distributions was also carried
out. The uniform susceptibilities calculated from the fluctuation of the magnetization are

shown in figure 5 together with the specific heat calculated from the energy fluctuation.

The experimental susceptibility for LuFeMg@ also shown, in figure 6, for comparison.

To illustrate the freezing behaviour, time- and configuration-averaged spin components are
shown in figure 7, where the average is

1 2
[(Se)law = <<t / S () dr) > : (3)
110 Jgy config

Note that the in-plane anisotropy now leads to a consistent account of the nearly isotropic
spin direction observed at the lowest temperature.

0.003
0.011 |

T/J=0.35

0.038 | H
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Figure 8. The temperature dependence of the amplitude (divided by the phase factor of the
120 structure) of the angle-averaged spin-correlation functionsSfor Teysp for S; is 0.297.

The values on the left-hand side indicgt€ (0) at each temperature. The correlation functions
were obtained from the time-averaged spin configurations averaged over 10000 MCSs.

The experimentally observely,s, for YFeMnQ, is somewhat dependent on the sample;
a crystal of YFeMnQ grown recently gives a smaller value, 48 K [20, 21], than that obtained
previously, 60 K [15]. The ICP analysis of the atomic composition (NTT Advanced
Technology Incorporated) of the YFeMgQ@rystals has shown that the sample with the
lower Teyusp is more stoichiometric, with a molar ratio of 1.04:1:1.01:4.07. The observed
value, Tousp = 48 K, is in reasonable agreement with the value 42 K for freezing of the
z-component obtained by this simulation.
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4. Discussion and conclusions

It has already been found for YFeMpQhat a marked short-range spin correlation
characterized by the wave vect@ = (%, % ¢) exists at temperatures far higher thBpsp
in the magnetic neutron scattering, and that the short-range spin correlation does not show
any anomaly affyusp[17]. The general features are the same as those found for the diluted
system. It is thought, however, that the details of the spin correlation can be obtained by
means of simulation, because the number density of magnetic ions is higher in this mixed
system. The temperature variation of the spin-correlation fungtien calculated for the
model of YFeMnQ is summarized in figure 8. The vertical bars indicate the amplitude of
the angle-averaged correlation functig@r) apart from the phase factor of the uniform 120
structure. Theg(r)s were obtained from the inverse transformation of the power spectrum
of the time-averaged (not the instantaneous) spin configuration for>a@#x 2 lattice.
The time averaging was carried out for 10000 MCSs and the averaging of the spectrum
over typically ten independent random ionic distributions was also performed. A direct
discrete Fourier transformation was individually performed for each triangular lattice. The
simulation shows that the non-uniformity of the antiferromagnetic interaction estimated here
actually prevents the transition to the long-range-ordered state (which occurs in the case of
uniform interaction and anisotropy) from occurring, and leads to a well-defined short-range
correlation. That the degree of short-range correlation itself gradually increases on cooling,
and that there is no drastic changefals, is totally consistent with the experimental results
reported. The range of the correlationZt/ = 0.30, for example, is comparable to the
experimental valueg(= ! ~ 21 A ~ 6a at T = 81 K) estimated from the reported
magnetic scattering profile [17].

It was speculated in | that, at temperatures sufficiently befuy, there is a correlated
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Figure 9. The temperature dependence of the power spectrum (scattering function) plotted along
the [110] direction. These spectra were obtained from the same time-averaged spin configurations
as were used for figure 8. The dotted line is the spectrum obtained for the (quasi-) long-range
120 structure in a 64x 64 lattice with uniform exchange and anisotropy parameters. These
figures demonstrate the enhancement of the intensity in the sngaltegion in this random

mixed system.
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T/J = 0.10. (b) The corresponding power spectrum Kf (c) The correlation function
obtained by inverse transformation of the power spectrum.
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arrangement of domains with the short-range°1@ucture. In the present mixed system,
showing oscillatory behaviour of the amplitudg() exhibits this structure more clearly.

It has also been checked that this oscillatory behaviour is not an effect of the misfit at
the boundary of the 64 64 x 2 lattice. The temperature variations of the power spectra
plotted along the [110] direction are summarized in figure 9. The correlation functions
described above were calculated from these power spectra. Although the lattice size is not
large enough for discussing the detailed structure in the reciprocal space, an enhancement
of the scattering in the lowe@ region, rather than the%, %,O) peak, is demonstrated.

To illustrate the situation in real space, an example of the low-temperdfyte £ 0.10)

spin configuration in they-plane obtained by gradual cooling from the initial random spin
orientation is depicted in figure 10, together with the corresponding Fourier-transformed
power spectrum foiS, and the inversely transformed correlation functigrt (r). In an
experimental sense, figure 10(a) would represent the typical spin structure at the lowest
temperature in this mixed system. As has been discussed in |, this higher-order structure is
a manifestation of the residual degree of freedom in the orientation or phase of the short-
range structure in the ground state, because the simultaneous ordering on cooling into a state
with long-range phase coherence is not energetically allowed due to the ‘homogeneous’
randomness and the frustration.

In the vicinity of Tzsp as seen in figure 8, the correlation functigtr) shows no
structure, but a well-defined short-range order. Since, however, the Curie—-Weiss-like
susceptibility actually forms a cusp in the experiment and also in the simulation, a certain
change in the spin correlation is expected. In I, the emergence of a long-range network
of quasi-static spins out of the frustrating environmenat, has been suggested. The
same feature can also be seen in this mixed system. The quasi-static network which
corresponds to the non-uniform spatial distribution of the relaxation time just below the
freezing point is shown in figure 11. The bars in the figure indicate the lengths of time-
averaged spins d@f/J = 0.27, near the freezing point of thecomponent in the model
of YFeMnQy. The three consecutive pictures correspond to the patterns averaged over the
time windows of 16 000-24 000, 24 000-32 000, and 32 000-40000 MCSs, respectively.
Since the distribution is more uniform at higher temperatures, the formation of this non-
uniform structure clearly corresponds to a well-known feature of the conventional spin
glasses, i.e. the rapid broadening of the distribution of relaxation times upon freezing [22—
24], and also to the formation of the cusp in the susceptibility. The wide distribution of
relaxation times observed for this mixed system is again interpreted as a natural consequence
of the randomness and the frustration of the short-range interactions, which prevent the
simultaneous freezing of all spins.

It is difficult to prove whether or not these simulated distributions were obtained in the
true equilibrium state, but it is possible to show that these patterns are statistically identical.
Therefore the pictures suggest a temporal change of the spatial distribution of the relaxation
time, or the dynamics of the network, on a timescale~&000 MCSs, probably driven
by thermal activation of the correlated region. It would be of some interest to interpret
the experimentally observed properties on the hypothesis that this kind of excitation of
‘non-uniformity’ in the spatial distribution does not destroy the long-range network even in
the two-dimensional lattices, but exists as a collective mode in the low-temperature phase.
At least for qualitative interpretation of the experimental data, this intuitive description
seems to contain no inconsistency. It should be noted that, if the slow change of the
spatial distribution as observed in the simulation is accepted as an equilibrium property,
the time-averaged quantity defined by equation (3), and also the autocorrelation of spins
(Si(1)S;(0)), may vanish in the limit — oo even belowTys, This might suggest the
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T/J=0.27 60x60x2

32000-40000MCS

Figure 11. The temporal change of the time-averaged spin configuration just bRy The

bars indicate the lengths of the spins after the time averaging over 8000 MCSs. The figure also
shows the change of the spatial distribution of the relaxation times of the spins measured within
the time window of 8000 MCSs.

possibility that a new order parameter which describes the spontaneous formation of the
long-range connection dtysp can also describe the observed finite-temperature freezing in
this quasi-two-dimensional system.

At temperatures sufficiently far belowsp the excitation of the movement of the
correlated domains or the antiphase boundary discussed before may also be possible.
Because of the resemblance of this situation to the ordinary glassy state, however, the
movement seems to be extremely slow in the state in which the domain correlation or the
higher-order structure is well developed.

Although this intuitive discussion seems to be valuable in leading to an understanding of
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the observed properties, more rigorous treatment will be necessary in order to establish the
universality of the cooperative freezing in this random frustrated system. It is crucially
important to elucidate the form of the collective dynamics in these random frustrated
systems. We note that a mesoscopic domain theory of spin glasses [25] would also be
instructive.

In conclusion, the experimentally observed spin-glass-like freezing in the triangular-
lattice random mixed antiferromagnet YFeMn@®as been analysed by means of Monte
Carlo simulation. New experimental results for diluted LuGaMnkave also been
presented. The exchange parameters in the model Hamiltonian have been estimated for
random mixed YFeMn@ and random diluted LuFeMgOand LuGaMnQ. The model
provides a qualitative interpretation of the observed spin freezing in the random mixed
system YFeMn@, except the simultaneous freezing of theand xy-components of the
spins.

The simulation actually shows that the non-uniform antiferromagnetic interaction due to
the random distribution of Mit and Fé* in YFeMnQ, prevents there from being uniform
long-range phase coherence of the triangular Kucture. Instead, it causes well-defined
short-range correlation and also a distribution of the relaxation times. It has also been shown
that the susceptibility forms a cusp whereas the short-range spin correlation characterized
by the wave vectoQ = (%, % £) does not show any abrupt changeZats, Formation
of the higher-order structure of the short-range correlation at temperatures lowefi.tfan
similarly to the case for the diluted system, has been clearly demonstrated. As regards
the observed finite-temperature spin freezing in this system, the emergence of a long-range
network of quasi-static spins dk,sp is discussed.

Further study of these random frustrated systems under a external magnetic field will be
valuable, because a novel response of the spin dynamics to external fields has been found
in ©uSR and Myssbauer experiments [20, 26].
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