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We have used x-ray resonant magnetic scattering at thés-Tbdge to elucidate the nature of magnetic
ordering in CdTh, a 1/1 approximant closely related to RRéMg-Cd (R = rare earth) icosahedral alloys. Below
Tn = 24 K, the ordered moments associated with the icosahedristiees at the corner and body-center of the
pseudo-cubic unit cell are antiferromagnetically coterlaand long-range magnetic order is realized.

PACS numbers: 75.25.-j, 75.50.Ee, 61.44.Br

I. INTRODUCTION tration associated with triangular arrangements of spifs f
lows naturally.
Interestingly, the absence of long-range magnetic order ex

The possibilities for magnetic ordering in aperiodic crys- . . .
tals have been the subject of intense theoretical and expeﬁends to crystaline approximant phases of the icosahedral

mental studies since the discovery of icosahedral quasicry tsatlg(\:/f/lljtrhelsj?i ‘(':V;:léﬁ)%si(t:agg]:o?gt%gé'mz?tasrzrilgggf dis-
tals in 1982t The first generation of AFM (TM = 3d transi- y

i i i 089,20
tion metal) quasicrystals with moment bearing elements) su to the respective quasicrystalline phasgarly studies’

as Al-Mn and Al-Pd-Mn, provided some insight into the fate ggahcee rt?]z%nﬁ:g: t?:,%?rl;[/ll?]sa?f dAklI'\gr(ljzl(\:/lrrrmugg?cvrldsetglgvgnl
of magnetism in quasiperiodic systems: only a small frac- oo ; 4 y » only
. . a fraction of the Mn ions carry a moment. However, recent
tion of the Mn ions carry a moment (at most a few percent), . " . N . ;
o studies ofu-Al 4Mn also indicate that the magnetic frustration
and these moments appear to be distributed randomly on the

quasiatice s o surpriing, the, tht long-ange mag- 1% 2 Q°0MEUEA 1 100 Seng o e presenceof
netic order is not realized in these quasicrystals and ki 9 P '

temperature ground state is best characterized as a gg8-g| approximants, where the exchange is dominated by the long-
P 9 w889 range RKKY interaction, extensive magnetic property itives

The discovery of the Zn-M@ and Cd-MgR (R = rare  gations found spin-glass-like freezing of the moments in Ag
earth) quasicrystals with sizeable local moments that-inte |n.R 1/1 cubic approximants foR = Eu, Gd, Tb and Dy?
act via indirect exchange (i.e. the RKKY interaction) rein- ryrthermore, both the Ag-In-Gd icosahedral phase andits 1/
vigorated the search for long-range magnetic order in th@ypic approximant show similar behavior as both evolve to
icosahedral phasE® However, all of the known quasicrystals spin-glasses at low temperatiffe.
with moment bearing elements exhibit frustration and spin- Surprisingly, the 1/1 approximant to the Cd-NRjicosa-
glass-like behavior at low te.m_peratdr%ln Zn-Mg-RandCd-  hedral phases, G&, appears to be an exception to the rule.
Mg-R, dc- and ac-susceptibility measurements demonstratg particular, recent magnetic susceptibility and spetiéiat
canonical spin-glass behavitt® Neutron diffraction mea- measurementé26indicate the onset of long-range magnetic
surements clearly show the presence of short-range magnefi qer at low temperature. The relatively high (24 K) for
correlations (diffuse scattering) with overall icosaledym- CdsTh,24in addition to the relatively strong resonant enhance-
metry at low temperature that has been interpreted in tefms ¢nent found at the Tb L-edgé$,make it an obvious can-
strong cprrelatlons between moments on |nd|V|d_uaI clgster didate for microscopic magnetic structure investigatiogis
Correlations between moments on adjacent spin clusters agrMS. For C@Th, at elevated temperatures, the magnetic
pear to be absent. Nevertheless, many theoretical tre&&menysceptibility follows a Curie-Weiss law with an effective
of spins on aperiodic lattices support the notion of longg& 1 oment/TB+ ion (9.811), consistent with the free ion value
antiferromagnetic order on a quasilattide!® To date, how- for Th3+, and a Weiss temperatur®, = -17 K, signalling
ever, there has been no experimental confirmation of longmat the dominant interactions between the Th moments are
range magnetic order in quasicrystalline systems. antiferromagnetic. At low temperature, three anomalies ar

The origin of frustration in aperiodic crystals is itself a observed at 24, 19 and 2.4 K in the magnetic susceptibil-
much researched topic. For the Zn-N&and Cd-MgRicosa- ity data and corresponding features are found in the specific
hedral alloys, there is strong evidence that the geometry dneat measurements, consistent with magnetic ordering- How
topology of the quasilattice plays the primary role. For in-ever, elucidation of the microscopic nature and spatiarext
stance, the magnetic rare earth sites in CdRtprrespondto  of the magnetic state below 24 K requires scattering measure
the vertices of the triangular faces of an icosahedron aoeda ments. Unfortunately, the naturally occurring isotope tonig
within the Tsai-type clusters which form the backbone of theof Cd is highly neutron absorbing making magnetic neutron
quasicrystal structur®:}” Thus situated, the geometrical frus- diffraction measurements impossible without the appedpri



isotopic substitution. sample surface is different from the anghe,of the outgoing
Here, we report the results of x-ray resonant magnetic scabeamk’, with respect to the sample surfae.

tering (XRMS) measurements on £ib. We demonstrate

that long-range antiferromagnetic order is, indeed, zedli

belowTy = 2441 K. The Bragg peaks that arise from the an- IIl. RESULTSAND DISCUSSION

tiferromagnetic order are as sharp as those associatetheith

chemical structure, providing a lower limit for the magueti

correlation length of approximately 5@0 Viewing the struc-

ture as a body-centered cubic (bcc) packing of Tsai cluster

we find that the Tb ions associated with the icosahedralerdust

at the corner of the unit cell are antiferromagneticallyreer

lated with the Tb ions associated with the icosahedral etust

at the body-center of the unit cell.

At room temperature, Gdb is cubic (m3) with the Tb
ions found at the 2gtWyckoff position with full occupancy.
STherefore, the Tbions can be viewed as occupying the second
icosahedron shell of the Tsai clusters situated at the corne
and body-centered positions, as described previdishand
shown in Fig. 1(a). The cubic symmetry distorts these icosa-
hedral clusters only slightly so that eight of the twentyefa.c
form equilateral triangles with an edge length of 54 8for
Acubic = 15.439 ,&), and the remaining twelve faces form
isosceles triangles with the longer leg (5/°8)4parallel to the
cube edges. The Tb-Tb distance between neighboring chuster

Single crystals of Cgrb were prepared by a self-flux 4504 the body diagonal (5.78) is comparable to the intra-
method by melting high-purity elements of Cd (99.9999 wt. | gter distances. Indeed, as shown in Fig. 1(b), the Tb net-

%) and Th(99.9 wt.%) in a 9:1 atomic ratio at 993 K for 24 h o1k may alternatively be viewed as a set of corner-sharing
in an alumina crucible sealed inside a quartz tube. This Wagjieq octahedra composed of equilateral and isoscelas-tri
follqued by slow cooling at the rate of 2 K/h to 753 K. The_re- gles, again emphasizing the geometrical frustration ieier
maining Cd melt was then removed by means of a centrifugg, the structure and the similarity between intra- and inter
and the alloys were subsequently annealed at 923 K for 100 fster Th-Tb distances and the related magnetic exchange.
to Improve the sample homogeneity, foIIovyed by further. an- BelowT ~ 150K, Cd;Tb undergoes a cubic-to-monoclinic
nealing at 473 K for 3 weeks to reduce point defects. Singleyrcyyra| transition as a consequence of the orderingeof th
crystals of millimeter size, with well defined facets norrl Cd tetrahedra at the centers of the Tsai clustrsithough

gh_e [1 0. 0] dir?cgon,_welre used 1|‘or X(;?N(;S exl!:])eriments. Thehe low temperature structure of £ has not yet been fully
imensions of the single crystal studied in the XRMS meayeiermined, it is proposed to be isostructural with the low-

surements were approximately3x 1mm’. The mosaicity omoerature monoclinic phase of @e3 In the low temper-
of the crystal, measured fpr the (10 0 0) charge peak gt o0 ,re monoclinic phase, with unit cell sides ¢Bacusi c x
temperature, was approximately 0.025 degrees full-width- dcubi ¢ X V2acubi c and 3 = 89.93, the icosahedra (and oc-

haIf—rrlwaximum (FWHM), attesting to the high quality of the \ahera) are distorted further, with Th-Tb separationgiran
sample. from approximately 5.5 to 6.0 A. This additional distor-

The. XRMS experiment was performed on the 6-1D-B g, likely modifies the magnetic exchange interaction$isuf
beamline at the Advanced Photon Source at the Jtedge ciently to enhance magnetic ordering.

(F =8.252keV). The incident radiation was linearly polarized Although the magnetic structure of GEb must ultimately

pgrpendicular_to the vertical sc_attering plaraaep(olari_zed) be referenced to the low-temperature structure, for our pur
with a beam slze of 0'5. mm (horizontal)0.2 mm (vert|cgl). poses here, we will discuss the magnetic structure in tefms o
In this configuration, dipole resonant magnetic scattergig the high temperature bcc arrangement of Tb icosahedra. The

tates th? plane of linear _polarlza_tlon into the scatterirge indices of allowed charge reflections must satisfy the condi
(w-polarization). Pyrolytic graphite PG(00 6) was used as Qion: H + K + L = 2n, wheren is an integer. Upon cooling

polarization analyzer to suppress the charge and fluorescenthe sample throuah the cubic-to-monoclinic structuraidia
background by roughly a factor of 100 relative to the mag- P g

: . : tiPn atTs =~ 150 K, the charge peaks split and a collection of
hetic scattering signal. The sample was mounted at the end eaks that arise from different domains within the illunteth
the cold finger of a closed-cycle refrigerator with tHé((L)

lane coincident with the scatterind plane volume of the sample are observed as shown in Figs. 2(a)-
P The resonant magnetic diffract?o%,(w) .for the o-to-r (d) for the (14 0 0) charge peak. The relative intensities of

. different sub-peaks reflect, in part, the relative popatagiof
scattering geometry depends upon the component of the Mathe different domains within the illuminated volume. Foeth

netic moment along the scattered beam direction and can B, e co/c symmetry of the monoclinic phase, reflections
written asl(Q, o, 8) = C[M-k'(Q)]* A(Q, a, 3) whereC  wijth H + K + L = 2n+1 remain forbidden (the centering is

is an overall scale factor that accounts for the resonattesea preserved by the phase transition).

ing matrix element, structure factor and incident beanminte ~ For temperatures abo&y ~ 24 K, only Bragg peaks con-
sity, M andk’ represent the magnetic moment and scatteredistent with the chemical structure of £itb were observed.
beam directions, respectively, aridaccounts for the sample However, belowly, additional Bragg scattering appeared at
absorption correctiof The sample geometry required off- points in reciprocal space corresponding to odd valueseof th
specular scattering measurements of the magnetic peasts. Ttsum,H + K + L = n (for n odd) as illustrated in Figs. 2(e)-(h)

is, the angleq, of the incident beank, with respect to the which also shows that magnetic peaks arise from all domains

1. EXPERIMENTAL DETAILS
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FIG. 1: (Color online) Arrangement of Tb ions in the high- ) o .
temperature cubic unit cell of G&Ib viewed along one of the cubic FIG. 2: (Color online) Distribution of charge and magnetiaks
axes. The network of Tb ions can be viewed either as a bccqgicki measured by an (&)-scan, (b)K-scan and (c).-scan through the

of icosahedra as in (a) or a set of corner-sharing tiltednettea as (14 0 0) charge peak position and an kejscan, (f)K-scan and (g)
in (b). L-scan through the (15 0 0) magnetic peak position. Panelandl)
(h) plot the charge and magnetic peak positions schemigtical

associated with the chemical structure. Furthermore, we se

that the magnetic peaks are as sharp as the charge peaks, confhe magnetic origin of the scatteringtdt+ K + L = n (for
firming that there is long-range magnetic order insThl be-  n odd) was confirmed by the resonance feature observed in
low T and suggesting that the magnetic correlation length ishe energy scans through the Th absorption edge (Fig. 3).
limited by the finite size of the monoclinic domains. Taking The energy scan Fig. 3 in theto-r scattering channel was

the magnetic correlation length to be given§y =~ gt performed with the resolution of the diffractometer reldxe
whereA g, is the longitudinal half-width-at-half-maximum (slits opened) in order to integrate over all of the magnetic
of the magnetic diffraction peak, we figg, > 500A. scattering around the (9 0 0) magnetic peak position, and is

typical of resonant magnetic scattering at fhedges of rare-
earth compound&. At the L, edge of rare-earth elements, the
symmetry of the chemical unit cell such that the Tb ions asfesonance primarily involves electric dipolE'Y) transitions
sociated with the icosahedral cluster at the corner of tlie unfrom th? aj_% core Ievgl to the emptydistatgs, se_en as the
cell are antiferromagnetically correlated with the Th imss ~ Strong line just at, or slightly below, the maximum in the mea
sociated with the icosahedral cluster at the center of tiite unsured fluorescence intensity. For the rare earth compounds,
cell. A complete specification of magnetic structure, idelu the &/ ba_nds are spin-polarized through their interaction with
ing the magnetic arrangement within the clusters themsglvethe localized 4 moments and, therefore, reflect the magne-
will first require a complete description of the chemicalistr ~ tization density distribution of the lattice. Energy scavere

ture in the low-temperature monoclinic phase as well as th@!so done in ther-to-o scattering channel which is sensitive
details of the monoclinic domain structure. Further arialys 0 the charge, rather than the resonant magnetic, conrtsut

of the magnetic structure can then clarify whether the Tb mol0 the scattering and no diffraction peaks were found at the
ments are collinearly aligned or arranged in a more complefagnetic peak positions.

manner. The temperature dependence of the magnetic scattering was

In terms of the bcc unit cell description of gth, the an-
tiferromagnetic order breaks the body-centering traitsiat
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FIG. 3: (Color online) The fluorescence (open circles) andmetc
intensity (closed circles) measured around the (9 0 0) ntagpeak
as a function of incident beam energy through thel’bledge aff” =

6 K.
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FIG. 4: (Color online) The temperature dependence of thenetig
peak intensity measured without an analyzer (open cireleg)inte-
grated intensity (filled circles) measured with polariaatanalysis at
the (9 0 0) magnetic peak position referenced to the cubicaatii
The inset shows the magnetic peal at 6 K and its absence at 30 K

(aboveTw).
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the integrated intensity (solid circles) of the (9 0 0) magne
Bragg peak at selected temperatures, with polarizatiok ana
ysis, as the sample was rocked through the reflection condi-
tion. The measured Néel temperatufg, = 24+1 K is con-
sistent with that found from bulk susceptibility and specifi
heat measuremenrfsand, again, confirms the magnetic origin

of the Bragg scattering at (9 0 0). We further note that there i
an apparent kink in the evolution of the magnetic order as the
temperature is decreased below about 19 K. This temperature
corresponds to the lower temperature feature observectin th
susceptibility and specific heat measurements and may arise
from either a change in the magnetic structure (e.g. a neorie
tation of the moment directions) or, perhaps, from addilon
contributions to the ordered moment from Tb ions that order
belowTy. The lowest temperature transition observed in the
bulk measurements at 2.4 K was beyond the range of the dis-
plex cryostat employed for these measurements.

IV. CONCLUSIONS

Summarizing our results, using XRMS we have shown that
CdsTh, a 1/1 crystalline approximant to the Cd-NRjcosa-
hedral quasicrystals, manifests long-range antiferroratig
order belowI'y = 24+1 K. The magnetic correlation length
is in excess of 50@ and comparable to that measured for
the chemical structure which is possibly limited by the fi-
nite size of the monoclinic domains. In terms of the high-
temperature bcc unit cell description, the antiferromaigne
order breaks the body-centering translational symmettief
chemical unit cell such that the Tb ions associated with the
icosahedral cluster at the corner of the unit cell are amtife
magnetically correlated with the Tb ions associated with th
icosahedral cluster at the center of the unit cell.

The appearance of long-range magnetic order in this crys-
talline approximant, in contrast to the spin-glass belravio
observed for quasicrystals and other, related, approximan
phases calls for further experimental and theoreticalystud
Differences in the nearest-neighbor exchange interagtion
above and below the structural transition likely play anamp
tant role in promoting long-range magnetic order. However,
one must also consider, for example, the extended range of
the RKKY interaction, as well as the effects of the crysteli
electric field associated on thef local moments. There-
fore, detailed structural and XRMS studies of othegRdp-
proximants are called for. In closing, we note that these ap-
proximant phases offer an unprecedented opportunity for un
derstanding the potential for magnetic ordering in quasicr
talline materials.
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