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Short-range magnetic order in the frustrated pyrochlore antiferromagnet CsNiCrFg
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In the pyrochlore antiferromagnets, the magnetic ions are situated at the vertices of a framework of corner-
sharing tetrahedra. The result is intense geometrical frustration of the magnetic interactions. We present the
results of a single-crystal neutron-diffraction study of the pyrochlore CsNi€rinvestigate the development
of magnetic order at low temperatures. We find that even at a temperature 6fi¢h is below the apparent
spin-glass transition the order does not extend further than two nearest neighbors, in spite of the strong
antiferromagnetic interactions between spins. We also present the results of Monte Carlo calculations of the
magnetic scattering utilizing a simple model Hamiltonian, and find good qualitative agreement with the ex-
perimental data[S0163-18207)02637-4

Certain crystal structures pose severe problems for thand many of them have been characterized using neutron
formation of conventional antiferromagnetic order. Thesepowder diffraction. Since very few pyrochlore compounds
structures are all based on either triangular or tetrahedralossess long-range-ordered magnetic structures, such experi-
structural units, such as théagomelattice and the pyro- ments essentially probe the structure of the short-range order,
chlore lattice'? respectively. The origin of the frustration Which is often strikingly reminiscent of liquidlike order.
can be understood by considering possible vector spin cortdowever, the averaging over all reciprocal-space directions
figurations on a single triangular or tetrahedral unit, forimplicit in a powder diffraction experiment limits the infor-
which no configuration can simultaneously minimize all themation which can be extracted, since the averaging can mask
bond energies. This is referred to as geometrical frustratiorsubtle features in the diffraction pattern. Greedan, Reimers,
and often results in complex behavior, such as spin-glasand co-workers have exploited these small differences by
transitions, and noncollinear and incommensurate orderingareful Fourier transformations, to reveal some of the nature
patterns. If the ratio between the ground-state energy of thef the short-range order in a number of oxide pyrochlores.
lattice and the sum of all the unfrustrated minimum bondOn the other hand, single-crystal neutron-diffraction experi-
energies is used as a measure of the frustration, as proposeé@nts present a considerable challenge, for two reasons: first,
by Lacorre® the pyrochlore latticéFig. 1) probably exhibits
the strongest possible degree of geometric frustration. Twc
families of compounds are known that crystallize with the /

pyrochlore structure: oxides with the formukig*B‘z‘*O7
(whereA and/orB may be magneticA is often a rare-earth
ion), and fluorides with the formulaB?* C3* F (whereA is
an alkali-metal ion such as Cs andB and C are usually
transition-metal ions

The oxide family is structurally well ordered, while for
the fluoride family theB and C ions are positionally disor-
dered over the sites at the corners of the tetrahedra. Nevel
theless, the magnetic properties observed to date in com
pounds from the two families are qualitatively similar.
Transitions to long-range-ordered magnetic states have bee
seen in very few pyrochlore compounds, even at the lowes!
temperatures investigated. Instead, spin-glass-like behavia
is frequently observed for both types of compound. How-
ever, inelastic neutron scattering measurements have re
vealed interesting differences between the two famftiés,
which we will report in detail in a forthcoming papér.

Good-quality polycrystalline samples of most pyrochlore  FIG. 1. The pyrochlore crystal structure with only the tetrahe-
compounds can often be prepared without undue difficultydral framework of the magnetic atoms shown.
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the magnetic scattering is spread out over large volumes of ' y " ' '
reciprocal space and so is rather weak, and second it is dif- 12 ) )
ficult to obtain large, high quality single-crystal samples for
neutron-scattering investigations. In spite of this, a number 10 ¢
of moderately-sized single crystals of some fluoride pyro-
chlores have been prepared, and these have formed the basis
of several previous neutron diffraction studres:’

Magnetization measurements of CsNiGridicate that
the interactions are antiferromagnetic with a Curie-Weiss
temperature o= —70 K (Refs. 2,11 [where the suscepti-
bility is x=(T—6)1]. Using the rough mean-field result
J~26/z (wherez is the number of nearest neighbpthis
suggests an effective antiferromagnetic nearest-neighbor ex-
change energy od~20 K. It should be emphasized that
since there are two different magnetic ions in CsNig;rihis 0 2 4 6 8
is really only an estimate of the mean exchange energy be-
tween nearest-neighbor ions. Below a temperature of 2.3 K, [k h 0]
the magnetization shows the history-dependence characteris-
tic of systems with broken ergodicity such as spin glasses, FIG. 2. Scan trajectories for the four detectors at each of the six
and which is also observed in many other pyrochlore comerystal settings employed. The filled circles indicate the positions of
pounds. However, inelastic neutron scattering measurementsiclear Bragg peaks.
suggest that the state below 2.3 K also contains a significant

proportion of rapidly fluctuating momenfs. Previous rocal lattice vectors. Scans were performed alphdh 0],
neutron-diffraction work on single crystals of CsNiGI'F 1 n h], and[0 01] wave vectors to determine the tempera-
(Ref 10 haS ShOWﬂ that for temperatureS betWeen 4 and 15 re dependence Of the main Bragg peaks as the Samp'e was
K, very broad diffuse magnetic scattering is observed, indixgoled from 300 K down to 2 K. No evidence was seen of
cating that short-range magnetic correlations occur. Thesgny significant change in the intensities of these Bragg
ordered correlations are largely antiferromagnetic, and do NPeaks, and we conclude that no phase transition occurs to a
extend significantly beyond the scale of nearest neighbors ghagnetic long-range structure. On the other hand, magnetic
a sample temperature of 10 K. Unfortunately, this study didyiffuse scattering appears which is spread out over a large
not investigate the behavior below the so-called spin-glasportion of reciprocal space. Scans to characterize the diffuse
transition at 2.3 K. In this present paper, we present venjcattering were performed at sample temperatures of 2 and
detailed measurements of the magnetic scattering at 2 K, angh K, and the temperature was controlled-t®.02 K. The
compare our observations with the results of Monte Carlqjetectors were kept fixed throughout the experiment, but six
calculations. settings of the crystal were used, each providing scans over a
different region of reciprocal space. Counting times were
approximately 12 h at each crystal setting and temperature,
and in order to improve the counting statistics, the spectra for
all four detectors at each setting were normalized using the
Our crystal of CsNiCrlg was grown using the flux- spectrum from a standard vanadium sample and then
growth method? and has a volume of approximately 0.2 summed.
cn®. The crystal was glued onto an aluminum rathielded Scan trajectories for the detectors at each of the six spec-
from the neutron beam with cadmigjrand placed inside a trometer settingglabeled 1 to $are shown in Fig. 2. In Fig.
helium cryostat. Diffraction data were obtained using theg, we show the observed Scattering at a Samp|e temperature
PRISMA time-of-flight spectrometer at the ISIS spallation of 2 K (filled symbolg and 70 K (open symbolsat each
neutron faC|I|ty PRISMA was configured with four detectors Crysta| setting_ A disadvantage of the broad energy integra-
in diffraction mode, so that no energy analysis was per+ion is that thermal diffuse scattering also makes a significant
formed on the detected neutrons. This means that inelastigontribution to the observed scattering, for which there is no
processes in the sample up to the incident neutron energy aygholly satisfactory way of compensating. We consider that
integrated over. Since PRISMA utilizes a pulsed polychrothe features of interest are the positions, widths, and shapes
matic beam, this incident energy changes as a function of thgf the diffuse peaks in the magnetic scattering, which are not
neutron time-of-flight, and each detector measures a radigiffected significantly by subtracting such a background
trajectory in reciprocal space. In other words, the integrationwhich varies smoothly with wave vector. Accordingly, for
range for inelastic processes is a function of the wave-vectosase of presentation, a background of the fohm Bo?
transfer measured along each detector trajectory, and in th(%vhereq is the magnitude of the wave-vector transfeas
case extends to well over 100 meV. This has the advantaggeen subtracted from all of the data in Fig. 3. The values of
of providing integration over all of the magnetic fluctuations, the coefficientsA andB were determined by maximizing the
which have maximum energies of the order of 10 meV.packground subject to the constraint that the intensity after
CsNiCrF; is cubic, with space groubd3m. Our crystal was  subtraction be everywhere positive for all oktB K scans.
oriented with thd1 1 0] direction vertical, so that the scat- This background is shown as the broken line in the figure.
tering plane contained tHén h 0], [h h h], and[0 Ol]recip- Where detector trajectories pass close to nuclear Bragg
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worth pointing out that some angular dependence of the peak
positions is inevitable, as the scattering must have the sym-
metry of the Brillouin zone. As far as the length scales of the
magnetic correlations are concerned, there is a certain
amount of anisotropy which becomes more pronounced on
cooling. For a rough guide to the length scales of these cor-
relations, we compare the invergewidth (I') of the diffuse
scattering with the nearest-neighbor distances of the tetrahe-
dral framework in CsNiCrk. The correlation length for an-
tiferromagnetic correlations may be calculatedé&s=/T .
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0.0 | All . The nearest-neighbor distance along fhel O] direction is
) "%06455 Feoot 00=8'.6 3.6 A, while its component along théa 1 1] direction is 2.9
: J/ . A long, and 2.6 A along th€0 0 1] direction.
3% At a sample temperature of 2 K, the inverse correlation
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W O"&g length obtained from scans aloy h O] wave vectors is
\ W %&e&‘] I'~0.85 A~%, which indicates antiferromagnetic ordering
LY VRO over a single nearest-neighbor distance. Hoh h] wave
0 1 2 3 4 5 60 1 2 3 4 5 6 vectors,I'~0.85 A1, suggesting a slightly longer correla-
Wave vector (A™) tion length of between one and two nearest neighbors. How-
ever, for scans alonf0 01] wave vectorsI'~0.75 A1,

FIG. 3. Observed diffuse magnetic scattering from CsNiCrF which indicates that the correlations extend to almost two
The data are from the radial scans with trajectories shown in Fig. Znearest neighbors in this direction. Previous measureffents
as discussed in the text. Filled symbols represent measuremend$ the magnetic diffuse scattering from CsNiGrEhowed
taken with a sample temperature of 2 K, and open symbols reprehat at a sample temperature of 10 K the antiferromagnetic
sent a sample temperature of 70 K. Arrows indicate positions ofqrrelations are very uniform at about a single nearest-
nuclear Bragg peaks likely _to cor_wtribute to the total scattering ar'cheighbor distance for all directions probed in theh I]
of powder peaks from aluminum in the cryostat. The broken line ing attering plane. This is also true for the present data taken at
(1) shows the smooth background subtracted from all of the scan sample temperature of 70 K. The main effect of cooling to
as discussed in the text. Note that for CsNigr§~20 K, so that a low temperaturesi.e., © 2 K from 10 K appears to be to
ig?ﬁ;;ﬁ;pfdr_%uie;? K corresponds tar/J~0.1, while 70 K increase the correlation Iengt_h for_ wave vectors that have a

component parallel to the* axis. Since the crystal structure
peaks, the positions are indicated by arrows in Fig. 3. Due td.)s cubic, this implies that the longer-ranged correlations de-

the effect of the magnetic form factor, the strength of thevelop parallel to the fourfold symmetry axes in real space.
' In an attempt to understand better the magnetic ordering

magnetic scattering decreases rapidly as the wave-vector . .
transfer increases, and we have concentrated on the regiéfSPnsible for the observed scattering we have calculated

whereq<6 A 1. No detector trajectory passesectly over the static neutron ;cattering cross section obtained from
a Bragg peak in this region, and so the sharp features otMonte Carlo smulatlons. Remers has calculated the powder
served in the scattering close to Bragg positions are probabl eutron scattering cross s'ectlon from Monte Carlo simula-
due to thermal diffuse scattering, a view supported by th ons C_’f the pyroc_hlore latticE’ here we present the results_
fact that the sharp features are invariably more intense at %f similar calculgtlons for the scattering geometry appropri-
sample temperature of 70 K than 2 K, consistent with arf".‘te to the experimental results presentedlm the previous sec-
increasing phonon population at higher temperatures. In a(p_o_n. We note that_our calc4u|at|ons are in good agreement
dition, there are a number of sharp peaks due to the alum}'-"Ith the work qf Liebmanr; yvho has also calculated_the
num walls of the cryostat. These are also indicated in thdreutron spatterlng cross section fqr the pyrochlore Iat'tlce.
diagram. We believe that the broad peaks present at rela- The spins were trgateq as clg33|cal veq(om:rgspondmg
tively high values ofy which are independent of temperature to _the limit S_’OO.) W'.th interaction energies given by the
are also due to nuclear scattering. For instance, there a}gelsenberg Hamiltonian

several broad peaks between 4 and 6*An panels 2, 4, and

5. It is unlikely that these are due to magnetic scattering, E=— 12 J:S-S. (1)
since the effect of the magnetic form factor is so severe at 2977 TV

these wave vectors. We believe that this scattering is due to

phonon Wings from Strong nuc|ear Bragg peaks_ Hel’e, the eXChange enel’gieS are deﬁned SOJ'{hﬂU fOI’ |,J
nearest neighbors, argf =0 otherwise. Thus, only nearest-

neighbor interactions are included in the model. Simulated
lattices were constructed using the rhombohedral unit cell
The magnetic scattering depicted in Fig. 3 is qualitativelywith a four-atom basis. A relatively large lattice of spins was
similar to the neutron magnetic scattering observed in exused, so that the cross section could be evaluated on a suffi-
periments on powder samples of pyrochlore compounds, igiently fine grid to compare with the experimental results.
that no sharp features indicative of long-range correlationghe lattice we used had sides-16, whereL is the number
are seen. However, there is clearly considerable angular def unit cells along each edge. The total number of spins was
pendence which is averaged out in powder experiments. It ithereforeN=16 384 N=4L?). Periodic boundary condi-
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[001] FIG. 5. Monte Carlo calculation of the neutron magnetic scat-
tering cross section from the pyrochlore lattice at a sample tempera-
FIG. 4. Monte Carlo calculation of the neutron magnetic scat-ture T/J=0.1 (solid line) and T/J=3 (dotted ling, for the experi-
tering cross section from the pyrochlore lattice at a sample temperanental scan trajectories. The calculations include a representative
ture T/J=0.01 in the[ hhl] plane. Dark regions represent low scat- magnetic form factor, for comparison with the experimental results.

tered neutron intensity, while light regions represent high intensity. .

Y g 9 P g ywhereas: for CsNICrE there are three exchange constants
tions were imposed to reduce the effects of surfaces othegggﬁizaontggge tiost?aen’(\jlgrwﬁglsgci:{ ?ﬁ: gc:'sciiirc;ggegctt;%rf\'nln
wise present. The standard Metropolis spin-flipping algo- nd CP™ ions on the sites at the corners of the tetrahedral

rithm was used, with each random spin move restricted to | ramework, the detailed character of which is unknown. The
within an angular rangé of the original spin direction, with ’ ) ) :
dependence of the magnetic form factors will tend to re-

S chosen so that about 55% of the moves were accepted, ce the observed scattering at lameand exact expres-
Typically, the simulation was started with the spins in a ran- u M Ing % X Xxp

dom configuration corresponding to the high—temperatureS'ons for the form factors are not known. The calculations

paramagnetic limit, and then the temperature was slowly re$hOWn in Fig. 5 include the experimentally determined Ni

duced to the final temperature during1C® Monte Carlo free-ion form factor to give an indication of the magnitude of

; . : f the effect.
steps per spifiMCS/spin as the simulation progressed. The X . o
static neutron magnetic scattering cross section In spite of these appar(_ant shortcomings, 'the _qualltatlve
agreement between experiment and calculation is good. In

do particular, the peak positions and approximate_p_eak widths
_“2 (SLS*)exp[iq(Ri—Rj)] ) of the observed and calculated data are surpr|S|_ngI_y_ close.
dQ 73 ! Some of the calculated peaks of scattering are significantly
narrower than the observed data, probably due to the fact that
was calculated at the final temperature on a grid consistefo positional disorder is included in the model; additional
with the periodic boundary conditions imposed on the simujvionte Carlo simulations incorporating plausible randomness
lation. In Eq.(2) S is the component of spinperpendicular  produced qualitatively similar results with significant broad-
to the wave-vector transfey, andR; is the position of spii.  ening of the narrower peaks. Further details of the calcula-
Many (~500) such calculations were averaged to obtain theions will be published elsewhere. Theoreticaland
results shown in Fig. 4 for the temperatrl=0.01. Simu-  experimentadf studies of the two-dimension&lagomelat-
lations of the scattering along the scan trajectories shown itice suggest that thermal fluctuations select a coplanar
Fig. 2 were obtained by bilinear interpolation of the Monte ground state from the manifold of disordered states at low
Carlo calculation onto the appropriate detector trajectoriesemperatures. An investigation into the ground state of the
The results for temperatures @7J=0.1 (solid line), and  pyrochlore lattice using Monte Carlo simulations with a
T/J=3 (dotted ling are shown in Fig. 5. For comparison, Heisenberg Hamiltonidh suggests that the analogous effect
the experimental data for sample temperatufesi§ and 70 of selection of acollinear ground state by thermal fluctua-
K correspond roughly t@/J~0.1 andT/J~ 3, respectively. tions does not occur abové/J=10*. Indeed, the low-
Direct comparison of the observed scattering with the retemperature limit of the lattice collinearity appears to lie in
sults of the calculation is hampered by several factors. Prolsetween the value for a collinear lattice and that for an
ably the most important of these is that the actual exchangBeFR;-type structure, where the spins point into, or away
constants;; are not known. As discussed above, the resultsrom, the center of every tetrahedrbhOn the other hand,
shown in Figs. 4 and 5 were calculated assuming a singleve note that the inclusion of strong planar single-ion anisot-
antiferromagnetic nearest-neighbor exchange consfant ropy into the model can result in a first-order phase transition
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into a long-range ordered state at finite temperatures, drivesists to the lowest temperatures investigated, below those of
by thermal fluctuation® Our experimental results indicate previous studies. There is some anisotropy in the length
that, at least in the case of CsNiGsmo ground-state selec- scales of the magnetic order. If the widths of the peaks of
tion of a long-range ordered structure occurs down to at leashagnetic scattering are taken as an estimate of the correla-
T/J~0.1. tion lengths, they are generally between one to two nearest-
neighbor distances, being shortest fbrh 0] wave vectors
IIl. CONCLUSIONS and longest fof 0 0 | ] wave vectors. The observed scattering
. ] o is in good qualitative agreement with the results of Monte
The experiment discussed in this paper represents a stu@yario calculations using a nearest-neighbor Heisenberg
of the magnetic neutron scattering from a single-crystaly,qdel.
sample of the highly-frustrated pyrochlore antiferromagnet
CsNiCrFs. Good counting statistics and a wide coverage of
reciprocal space were achieved by using the neutron time-of- ACKNOWLEDGMENTS
flight diffraction technique, long counting times, and sacri-
ficing wave vector resolution by summing over detectors. The financial support of the EPSRC is gratefully acknowl-
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