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Long-range magnetic order in the quasicrystalline approximant CdsTh
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We report the observation of a long-range magnetic order in a quasicrystalline approximant, i.e., CdgTb,
demonstrating that a spin glass is not the ground state for the binary approximant but localized spins on the
vertices of an icosahedron become antiferromagnetically ordered below 24 K. The result is in contrast to the
spin-glasslike behaviors reported for Cd-Mg-R quasicrystals composed of same icosahedral clusters.
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Quasicrystals' are distinguished from other forms of sol-
ids by their unique rotational symmetries such as fivefold,
eightfold, tenfold, and 12-fold symmetries. One of the un-
solved fundamental issues in the condensed-matter physics is
to elucidate physical properties intrinsic to quasiperiodic ar-
rangement of atoms, i.e., the quasiperiodicity.? In particular,
magnetic properties of rare-earth (R) bearing quasicrystals
such as Zn-Mg-R (R=Gd,Tb, Dy, Ho, and Er) (Refs. 3 and 4)
and Cd-Mg-R (R=Gd, Tb, Dy, Ho, Er, Tm, and Yb) (Refs. 5
and 6) have received particular attention since they have
well-localized magnetic moments located on a quasiperiodic
sublattice providing quasiperiodic spin systems and have
been expected to reveal unique magnetic orders due to the
quasiperiodicity.” Contrary to such expectations, however,
spin-glasslike freezing phenomena have been observed in the
above magnetic quasicrystals but long-range magnetic order
has never been reported up to date in either quasicrystals or
their crystalline analogs, i.e., crystalline approximants. The
present Rapid Communication reports the observation of a
magnetic order in a crystalline counterpart, i.e., CdgTb, com-
posed of the same icosahedral cluster units as the Cd-Mg-R
quasicrystals demonstrating that localized spins sitting on the
vertices of an icosahedron become ordered at low tempera-
tures. The result shows that a long-range magnetic order is
possible in compounds made of rare-earth icosahedra and
may suggest that it is also possible in the Cd-Mg-R quasic-
rystals having similar local environments composed of the
same icosahedral clusters.

CdgTb (Ref. 8) crystalline approximant, one of a huge
family of isostructural CdgM (M =Ca, Sr, Y, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) compounds, is a
bee cubic crystal®!? composed of so-called Tsai-type icosa-
hedral clusters,'! which are regarded as the building blocks
of stable binary quasicrystals, Cds,Yb (Ref. 12) and
Cds ,Ca,'? discovered in 2000 by Tsai et al. and their atomic
structure has been determined in 2007 by Takakura et al.'* A
Tsai-type cluster is made of four successive shells: the first
shell is a dodecahedron composed of 20 Cd atoms, the sec-
ond shell an icosahedron of 12 Tb atoms, the third shell an
icosidodecahedron of 30 Cd atoms, and the outermost shell a
defect rhombic triacontahedron of 60 Cd atoms.!! One of the
biggest advantages to study binary systems such as CdgR
(R=rare earth) is that they have no chemical disorders
among the constituent elements since the R atoms occupy a
single crystallographic site (24g) with full occupancy as il-
lustrated in Fig. 1, i.e., they are exclusively situated at the
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vertices of the second icosahedron shell and the remaining
seven sites are occupied by Cd atoms. This situation is in
striking contrast to ternary systems such as Zn-Mg-R and
Cd-Mg-R, where chemical disorders between rare earth (R)
and other elements are essentially unavoidable as evidenced
by their sizable single phase domains. Thus, the Cd¢R com-
pounds can be regarded as ideal spin systems for investiga-
tions on the intrinsic magnetic property of compounds made
of rare-earth icosahedra.

In the CdgR structures, the nearest neighbors are not R-R
pairs but the R ions are separated from the nearest ones by
~0.6 nm, indicating that the magnetic interaction between
the R ions is mediated by conduction electrons, i.e.,
Ruderman-Kittel-Kasuya-Yoshida interaction. There are two
types of magnetic interactions in the CdgR compounds; one
is an intracluster interaction and the other is an intercluster
interaction. In Cd¢Thb, the nearest Tb-Tb distance (0.5713
nm) exists between neighboring clusters and the next-nearest
Tb-Tb distance (0.5725 nm) exists inside the icosahedron
shell. Thus, a long-range magnetic order may be regarded as
a result of an interplay between these two competing inter-
actions.

Recently, a series of large unit-cell compounds RFe,Zn,
and RCo,Zn,, (R=Y, Nd, Sm, and Gd-Lu) have been exten-
sively investigated and diverse magnetic behaviors were re-

FIG. 1. (Color online) Tb sites in the unit cell of the CdgTb
cubic approximant. 12 Tb atoms occupy the second icosahedron
shell of a Tsai-type cluster.
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FIG. 2. (Color online) Magnetic susceptibility y of CdgTb from
1.8 to 300 K measured with the magnetic field of 1000 Oe. The
solid line is a fit to the Curie-Weiss law between 50 and 300 K. The
inset shows the inverse susceptibility of Cd¢Tb. The data are well

fitted to the solid straight line showing that the Curie-Weiss law is
obeyed above ~50 K.

ported depending on the rare-earth element.'> Although they
are not crystalline approximants, they have close structural
similarities with the CdgR compounds in a sense that the R
ions are fully surrounded by shells of nonmagnetic ions, i.e.,
Zn ions, with a similar R-R spacing of ~0.6 nm. It will be
also of interest to make a comparison of magnetic properties
between the two types of large unit-cell compounds from a
structural point of view.

Alloys of a nominal composition, CdgTb, are prepared by
melting high-purity raw materials at 1000 K for 72 h in an
alumina crucible sealed inside a quartz tube, followed by
water quenching. The alloys were then annealed at 770 K for
100 h to improve the sample homogeneity as well as to re-
duce point defects to the thermal equilibrium level. We note
that long-time annealing is indispensable for obtaining sharp
magnetic transitions; magnetic transitions are easily smeared
out in the presence of structural defects. The phase purity of
the samples was examined by powder x-ray diffraction as
well as by transmission electron microscopy. Magnetic prop-
erties were measured from 1.8 to 300 K by using a super-
conducting quantum interference device magnetometer
[Quantum Design, MPMS (Magnetic Property Measurement
System)] in magnetic fields up to 5 T and specific heat was
measured in a relaxation method from 1.8 to 300 K.
Electrical-resistivity measurements were performed by a
four-probe method using ac resistance bridge from 1.9 to 300
K.

Figure 2 shows magnetic susceptibility of CdgTb mea-
sured at 1000 Oe in a temperature range between 1. 8 and
300 K. In a high-temperature region above ~50 K, the sus-

ceptibility excellently obeys the Curie-Weiss law, ie., x

N/\,ngff P . .
=30,(1-0)° exhibiting a paramagnetic nature of Tb spins, as

evidenced by a linear 1/x-T relation shown in the inset.
Here, Nj, Mo, kg, and O are the Avogadro number, the
effective moment, the Boltzmann constant, and the Weiss
temperature, respectively. Results of a least-square fit to the
Curie-Weiss law incorporating a temperature-independent
term  x, are w@,=9.8 up, O=-17 K, and x,=1.7
X107 emu/g. The obtained effective magnetic moment
t.sr is nearly equal to the theoretical value (9.72 ) of the
Tb " free ion. Thus, the Tb ions in CdsTb are well localized
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FIG. 3. (Color online) Magnetic susceptibility y of CdgTb in a
low-temperature region from 1.8 to 30 K measured with the mag-
netic field of 50 Oe. The x-T curve displays two anomalies at 24
and 2.4 K and one kink at 19 K as denoted by arrows showing an
occurrence of successive magnetic transitions. FC and ZFC mag-
netic susceptibilities are shown.

in a trivalent state with weak crystalline electric field (CEF),
which is qualitatively the same as the cases of Zn-Mg-Tb
(Ref. 16) and Cd-Mg-Tb (Refs. 17 and 18) quasicrystals. The
negative ® value means that major interaction between spins
is antiferromagnetic in the paramagnetic state. The obtained
® value (-17 K) is close to the value (-24.5 to —23 K)
reported for the Cd-Mg-Tb quasicrystal.!”-18

Figure 3 shows magnetic susceptibility of CdgTb in a low-
temperature region below ~30 K. Occurrences of magnetic
transitions are clearly evidenced by sharp anomalies in the
x-T curve: three anomalies are noticed at 24, 19, and 2.4 K,
indicating an occurrence of three successive magnetic tran-
sitions. Here, the anomaly at 19 K is recognized as a kink in
the x-T curve. Figure 4 shows the field dependence of mag-
netization measured for the three magnetic phases as well as
for the paramagnetic one above 24 K. With decreasing tem-
perature, a metamagneticlike anomaly appears at 21 K as
indicated by an arrow at 1.6 T, and the anomaly is observed
to increase toward higher fields, i.e., 2.3 T, as temperature is
lowered to 15 K. Here, the magnetic fields of the anomalies
were determined from the position of the maximum slope of
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FIG. 4. (Color online) Magnetic field dependence of the mag-
netization M of CdgTb measured for three magnetic phases as well
as for the paramagnetic one. Arrows indicate metamagneticlike
anomalies and their magnetic fields were determined from the po-
sition of the maximum slope of the M-T curve. The M-H curves at
15, 21, and 25 K are shifted vertically by 0.25 wug, 0.55 up, and
0.8 up, respectively, for clarity.
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FIG. 5. (Color online) Temperature dependences of the specific
heat C, of CdgTb (orange circles, top) and CdgYb (blue circles,
middle) plotted as C,,/T vs T. The magnetic contribution to specific
heat C,, (red circles, bottom) is obtained by subtracting C,/T of
nonmagnetic CdgYb from that of CdgTb. The solid line represents
magnetic entropy S,, obtained from integration of C,/T. C, of
Cd¢Thb exhibits three anomalies at 24, 19, and 2.4 K as denoted by
arrows, which corresponds to the anomalies observed in the x-T
curve.

the M-H curve. Both the existence of the metamagneticlike
anomaly and its shift toward higher fields with decreasing
temperature clearly indicate that the transition at 24 K is
antiferromagnetic one. On the other hand, the M-H curve at
2 K exhibits hysteresis between the magnetization and de-
magnetization curves. Such hysteresis is also noticed be-
tween field-cooled (FC) and zero FC (ZFC) susceptibilities
as seen from Fig. 3. The origin of the hysteresis is not clear
at the moment and hysteresis can occur from various mecha-
nisms such as freezing of spins due to disorders, a frustrating
nature of spins on an icosahedrons, etc. We note that the
existence of disorders, probably vacancies, has been inferred
from recent studies on isostructural ZngSc.'”

Figure 5 shows specific heat of CdgTb in a low-
temperature region below ~30 K. Occurrences of magnetic
transitions are clearly observed by sharp anomalies in the
specific heat: Three anomalies are noticed in the C/T-T
curve at 24, 19, and 2.4 K, exactly at the same temperatures
of the anomalies observed in the -7 curve. Next, the mag-
netic contribution to C,, was estimated by subtracting C,/T
of nonmagnetic CdgYb from that of CdgTb. Their lattice con-
tributions to C, are expected to be nearly the same since
CdgYDb is isostructural to CdgTb. The magnetic entropy S,,,,,
was estimated by the integration [ g L;“idT and is plotted as a
solid line in Fig. 5. The maximum magnetic entropy of CdgR
is given by S,,,,=R In(2J+1) per mole (R**), where J is the
total angular momentum of R3*, ie., J=6 for Tb**. The fig-
ure shows that S,,,,, reaches R In 2 and R In 3 at Ty, (19 K)
and Ty, (24 K), respectively, converging to R In 4 as T ap-
proaches 50 K. The gradual increase in §,,,, toward R In 4
above Ty, indicates the existence of a magnetic short-range
order above Ty,. Since the Tb** ions occupy a single site
with site symmetry m,'% the 4f levels of a Tb** ion are split
into 13 singlets due to the monoclinic CEF. The convergence
of S, to R In 4 indicates that the lowest 4f states are com-
posed of nearly degenerate four singlets at ~50 K.

Figure 6 presents electrical resistivity of CdgTb in a tem-
perature range between 1.9 and 30 K measured for a differ-
ent specimen and the inset shows the resistivity up to 300 K.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 82, 220201(R) (2010)

Il L Il

0 10 20 30
Temperature (K)

FIG. 6. (Color online) Electrical resistivity p of Cd¢Tb as a
function of temperature in a range between 1.8 and 30 K for a
different specimen. The inset shows the p-T curve of CdgTb up to
300 K. The magnetic transitions at 24 and 19 K are recognized as
changes in the slope of the p-T curve at 21.5 and 17.5 K as denoted
by arrows. The slight differences in the anomaly temperatures from
those observed in the magnetic and thermal measurements are pos-
sibly due to the sample dependence.

As seen from the inset, a sharp cusp is observed at ~20 K,
close to the onset of the antiferromagnetic order. The in-
crease in the resistivity with decreasing temperature below
~40 K cannot be explained by a loss of scattering due to the
magnetic ordering. For the origin of the anomaly, formation
of a superzone gap may be responsible, which opens along
the direction of the antiferromagnetic ordering due to a peri-
odicity change.?® On the other hand, the sharp decrease in the
resistivity below 20 K is attributed to the loss of scattering
due to the magnetic ordering. In Fig. 6, the successive tran-
sitions are recognized as slight changes in the slope in the
p-T curve at 21.5 and 17.5 K. The transition at 2.4 K is not
detected in the p-T curve, probably due to its small contri-
bution to p.

As mentioned, Tb atoms occupy a single crystallographic
site with full occupancy in binary CdgTb as illustrated in Fig.
1, forming a 12-atoms icosahedron at the vertex and the
body-center positions of the unit cell. Magnetic orders of the
localized spins on the icosahedral site can be considered by
placing a classical spin at each vertex of the icosahedron. In
this view, the successive transitions indicate the existence of
various antiferromagnetic spin configurations, which are
nearly degenerate, over a bcc array of icosahedral clusters.
Determination of the magnetic orders of CdgTb is now an
open issue and requires microscopic measurements such as
neutron scattering. We note, however, that neutron experi-
ments are difficult for CdgR since natural Cd is known to be
a strong absorber of neutrons.

In conclusion, we have observed a long-range magnetic
order in a crystalline approximant, i.e., CdgTb. The result
shows that a spin glass is not the ground state for the approx-
imant but antiferromagnetic orders occur on a bce array of
icosahedral clusters. The present result also calls for detailed
reexamination of a magnetic order in Cd-Mg-R quasicrystals
since they have similar local environments composed of the
same icosahedral clusters.
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