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We report the results of powder neutron scattering measurements on the magnetic correlations in
the frustrated antiferromagnet @&la;0;,. A clear view of the short-range magnetic order has been
obtained for a temperature range 0.14-5 K. 7At- 0.14 K there is a partial transition to a phase
with a much longer correlation length. We argue that the low-temperature phase is not an ordinary spin
glass, as was suggested by bulk properties measurements, but rather a mixture of a spin-liquid state with
a set of rigid magnetic pieces nucleated around impurity centers. The experimental data are compared
with the results of Monte Carlo simulations performed for several models. [S0031-9007(98)06071-2]

PACS numbers: 75.25.+z, 75.40.Mg, 75.50.Ee, 75.50.Lk

The effect of frustration on the magnetic properties offerent for field cooling and zero field cooling [6]. How-

a variety of magnetic systems has been intensively disever, the neutron scattering experiments on a polycrys-
cussed in the last decade. In magnetic systems, withotlline sample show that at the lowest temperatures the
nuclear disorder, frustration is caused by competition bemagnetic system is not frozen completely.

tween nearest neighbor exchange interactions or betweenlLong-range magnetic order in GGG has been found
nearest and next nearest neighbor interactions. One of tlemly in an applied magnetic field around 1 T [7,8]. On
most evident examples of the former case (so-called gedhe other hand, similar gallium garnets of Dy, Nd, Sm,
metric frustration) is an antiferromagnet on a triangularand Er have been found to be magnetically ordered at
lattice. There are several ways in which triangles of antitemperatures below 1 K [9]. What causes such a different
ferromagnetic interactions can be built into a crystal latticedegree of frustration? Which interactions play a crucial
among thesetacked trianguladattices,Kagomelattices, role in forming short- and long-range magnetic order? In
and lattices of corner-sharing tetrahedra have attracted bothis Letter we intend to answer, at least partially, these
theoretical and experimental attention. The distinguishindqundamental questions.

feature of the majority of antiferromagnets orsiacked Direct microscopic information about the spin configu-
triangular lattice, containing two-dimensional triangular ration can be obtained from neutron diffraction stud-
sheets, is the appearance, at sufficiently low temperaturees. The necessity of such an investigation of GGG has
of three-dimensional long-range magnetic ordering, de-
spite the frustration of the exchange interaction [1]. The
influence of frustration on the magnetic properties of other
triangular antiferromagnets (with more complicated ge-
ometry) is apparently more substantial. For example,
in the Kagome-lattice antiferromagnet Ss6a;>—9, Oj9,

with p =0.9 [2], the low-temperature ground state is a
spin glass. Manyyrochloreswith the chemical formula
A;B,0;, where the spins are located on two interpene-
trating lattices of corner-sharing tetrahedra, also undergo
a phase transition to a spin glass state [3,4].

In this Letter we report the first neutron scattering mea-
surements on a powder sample of gadolinium gallium gar-
net, GdGa 0O, (GGG), where the magnetic Gd ions are
located on two interpenetrating corner-sharing triangular
sublattices (Fig. 1). In GGG no sign of long-range mag-
netic order has been found down to 25 mK [5], moreover,

frustration induced spin freezing has been suggested at’__qG 1. Positions of the magnetic Gd ions in a garnet
temperature below 125-135 mK on the basis of Slngl%tructure. The projection along a [111] direction is shown.

crystal magnetization measurements: the susceptibility ihere are 24 magnetic ions per unit cell, they are divided into
frequency dependent, and the static magnetization is difwo interpenetrating sublattices.
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become evident from the results of susceptibility and heat
capacity measurements. However, natural Gd contains
isotope '3’Gd, which makes neutron scattering experi-
ments impossible due to a very high absorption cross sec-
tion (o = 254000 barns forA = 1.8 A). Therefore, we
have prepared a sample with 99.98% of nonabsorbing iso-
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tope,'®Gd, (¢ = 0.77 barns) supplied by the Oak Ridge &

National Laboratory. < 4000 450 ;E"
GGG powder has been prepared from a stoichiometric € 1*»\

mixture of G4dO; and GaO; by a solid diffusion reaction o 2000 104 K.

at T = 1400 °C for 12 hours with intermediate regrind- § . —

ing. The procedure of regrinding was repeated until an © K

x-ray diffraction study did not reveal any impurity phases 0 st A B

in the final product. The neutron scattering measurements ST

were carried out in the temperature range 40 mK—20 K ‘ e ‘

using the instrument D1B at ILL, Grenoble(002) re- ‘o‘ > ot 2‘ ; ‘2‘ > 3‘ ;

flections from three focusing pyrolytic graphite crystals 1500 ~ (5) .?1\ - o S

were used to monochromatize the neutron beam; the neu- ¢ \\

tron wavelength was fixed at 2.52 A, which allowed us = 1000 = H 7

to cover a momentum transfer range= 0.2-3.3 A~! i I \H( I

using an80° multidetector P = 47 sin(6)/A]. Typical 200 r ﬁ | %%f # 1 b
3 T T

counting times for al.5 cm” sample were 2 h at each

temperature. A copper sample holder filled withe gas

has been used instead of the usual aluminum can in order [T e

to provide better heat exchange at low temperatures. -500 - h&@é N
The temperature evolution of the magnetic neutron N o

scattering pattern is shown in Fig. 2(a). The magnetic

data were obtained by subtracting the nuclear intensity ’ 0

measured al" = 9 K. In the higher temperature range Q A

(1.3-5 K) the scattering pattern looks similar to the struc+|G. 2. (a) Low-temperature neutron diffraction daf4Q),

ture factor of a classical fluid of hard spheres [10].for gadolinium gallium garnet after subtracting the 9 K

The two very broad diffuse scattering peaks at 1.05 andata. The curves for different temperatures are separated by

2.87 A~ are due to antiferromagnetic exchange inter-(13200 qounfts for clarity. l.y}.e intensity dhas beden fitted with three
on between nearest neiahbor Gd madnetic momen@2ussian functions (solid lines) in order to determine position,

action be 9 9 Ftensity, and width of the broad diffuse scattering peaks. (b)

separated by the distande/6/8)a = 3.781 A (the lat-  Difference plot for temperatures 43 and 175 mK underlining
tice constant at low temperature was found to doe= the appearance of the sharp magnetic peaks. Arrows indicate
12.349 A). The intensity of both these peaks increaseghe position of two magnetic peaks, whose intensities are
as the temperature decreases. At temperatures aroufigPWn in Fig. 3.
and below 1 K a third broad peak is observed(at=
1.7-1.8 A=, A deviation from a symmetric Gaussian decrease in temperature the intensity of these new sharp
shape was seen when the temperature was lowered bgeaks is increased, while the intensity of broad diffuse
low 0.5 K: the strongest peak becoming more and morecattering peaks is slightly decreased. Figure 3 presents
asymmetric, and finally, a' < 140 mK a new set of the temperature dependence of the intensity of the two
much sharper peaks appeared on top of the broad pealsirongest sharp peaks, indicating a continuous build up of
This temperature, at which the “sharp” peaks appear, ithe magnetic correlations below 140 mK and redistribu-
the same as the spin freezing temperature, suggested tan from a “liquid” phase to a “solid” phase, rather than
the basis of single crystal magnetization and specific hedteezing. From the temperature dependence of the inte-
measurements [6]. grated intensity of the main broad diffuse scattering peak
About ten new peaks are clearly visible at the low-at Q = 1.05 A~!, the coarse estimation could be given
est temperature [see Fig. 2(b)]. Their positions could nothat at the lowest temperatufe = 43 mK about 85% of
be described with integer or half integer nuclear indexeshe volume remains in a liquid phase.
(hkl); most likely they are incommensurate with the nu- The width of the sharp peaks decreases only slightly
clear structure. Quite clearly the magnetic structure irwith temperature decrease and even at the lowest tem-
the low-temperature phase differs frol20° configura- perature these peaks are about twice as broad as those
tion observed in similar magnetically isotropic garnetsexpected given the diffractometer’s resolution, which sug-
Mn;Al,Ge Oy, and MnsAl,Si;04, [11]. With a further gests the absence of true long-range magnetic ordering.
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4 ———— ‘ — T nearest neighbor antiferromagnetic exchange is dominant
over the other magnetic forces.

In order to understand the importance of the different
interactions on the formation of magnetic order, we have
performed Monte Carlo (MC) simulations and calculated
the bulk properties and neutron scattering functiq®)
of GGG. We use the same value of the exchange
constant,J; = 0.107 K, as in previous MC simulations
[8,12], but extend dipole-dipole interaction up to a fourth
neighbor and also use significantly bigger lattice sizes (up
. . o to 5 X 5 X 5 unit cells). A standard Metropolis algorithm
0.02 0.06 0.1 0.14 0.18 with periodic or open boundary conditions has been
employed; an attenuation facté has been introduced in
such a way that roughly 50% of the attempted spin moves
FIG. 3. Temperature dependence of the integrated intensityere accepted [13], up to a million Monte Carlo steps per
of the two strongest magnetic peaks @t=0.64 A"! (open  gpin (MCS) were performed at the lowest temperatures.
symbols) andQ = 0.85 A™! (closed symbols). Solid lines are The results of the simulations can be summarized as
guides for the eye. follows:

(1) The neutron scattering functiof(Q) at tempera-
. . L tures well above 140 mK with two and three broad diffuse
The _correlatlon length of the magnetic interaction is ap'scattering peaks could be described taking into account
proximately 100 A. I . only the nearest neighbor exchange interactign, The

A somewnhat be;ter insight Into the Short-range COMentroduction of the dipole-dipole interaction and next to

lation can be obtained by Fourier transforming the datanearest exchange interactions at these temperatures does

units)

Integrated Intensity (arb.

T, K

conclusion to be drawn from this figqre is that With.thethe simulateds(Q) at different temperatures.

_de(_:rease of temperature, th_e corre_laﬂons mo;tly .bu'ld up (2) In a model which includes only; there is neither
'!‘S'de of 'ghe sublgttmes, while the mte_rsu_blattlce 'nterachng-range ordering nor a spin glasslike metastable state
tion remains relatively weak, thus confirming the fact thatdOWn to at leastT = | mK. The magnetic correlation
length does not exceed the unit cell size at any tempera-
ture. In agreement with previous MC simulations, the
introduction of the dipole-dipole interaction causes a
8 dramatic slowing down of the relaxation processes.
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FIG. 4. Radial correlation functio®(r) at different tempera- @n
tures. The data were obtained by Fourier transformation of th&lG. 5. The examples of the Monte Carlo simulated neutron
difference data setd(Q), after numerical smoothing. The ar- scattering functionS(Q) at different temperatures; the model
rows indicate eight nearest neighbor distances for Gd-Gd bond#cludes nearest neighbor exchange interaction only, model size
solid arrows correspond to intrasublattice bonds; dashed arrows 55X 5 unit cells; 10° MCS were performed for each
mark intersublattice bonds. temperature.
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(3) The neutron scattering function is not sensitivean interaction between magnetically ordered “islands”
to a small change %20%) of J; if the dipole-dipole nucleated by the impurities could be studied.
interactions remains the same, but it is very sensitive In conclusion, we have investigated the low-
to some combinations af,, J3, andJ4. For example, temperature behavior of the frustrated triangular antifer-
in the case of a small antiferromagnetic intersublatticecomagnet, GGG, by the neutron diffraction measurements
interaction >, = 0.01 K), even a very small (less then and classical Monte Carlo simulations. Both a spin-liquid
2% of J|) ferromagnetic exchange with a next to nearesphase, arising from the nearest neighbor exchange inter-
neighbor within the same sublatticd,, is enough to action, and a unique mixed liquid-solid state, most likely
produce long-range magnetic order. These observatioraused by minor chemical disorder, have been observed.
underline, once again, the fact that the ground state of We thank J. N. Reimers and T. Harringan for their help
the frustrated magnetic system is usually determined bwith computer calculations. We also thank P. Schiffer
a delicate balance of all the magnetic forces, includingand M. Zhitomirsky for the discussions of this problem.
those which are relatively weak and could be completelyWork at the University of Warwick was supported by
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