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ABSTRACT

Magnetization measurements reveal the onset of magnetic ordering at Tc = 65 K followed by three
additional magnetic anomalies at T; =47 K, T, = 28 K, and T3 = 11 K in Gd117C0564Sn1143 — a compound
with a giant cubic unit cell that crystallizes in the Dy;17C056Sn172 structure type with space group Fm3m
and lattice parameter a = 30.186 A. The magnetic ordering temperature increases with applied magnetic
field; however, the analysis of magnetic data indicates that antiferromagnetic interactions also play a role
in the ground state. AC magnetic susceptibility confirms multiple magnetic anomalies and shows minor
frequency dependence. The local magnetic ordering below 60 K is supported by the Mossbauer spec-
troscopy. A single broad anomaly is detected at Ts in the heat capacity; we suggest that magnetic do-
mains form below this temperature. These data highlight unique features of magnetism in this and,
potentially, other rare-earth intermetallics crystallizing with giant unit-cells where the exchange cor-
relation lengths are much shorter when compared to the periodicity of the crystal lattice.

Mossbauer

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Much of the excitement in nanoscience is related to the fact that
properties of a crystalline material may be vastly different when its
linear dimensions (e.g. the size of a particle) are reduced from a few
micrometers or greater to a few nanometers. Various magnetic
nanomaterials have been successfully created by using either the
bottom-up or top-down approaches [1,2]. Common and well-
known problems in nanoscience include size uniformity and
reproducibility, scale-up of synthesis, and, for non-oxide materials,
keeping oxygen away from the particle surfaces, among others.
Considering that most useful magnetic nanoparticles (e.g. for ex-
change spring magnets) must be reduced to a few nanometers in
size [3,4], and that typical unit cell dimensions of a magnetic crystal
are between 5 and 10 A, a cube-like nanoparticle with 3 nm sides,
will consist of ~30—~200 unit cells. Assuming a defect-free nano-
particle, periodicity is short lived, being broken at the particle
boundaries every 3 to 6 unit cells. Now take a crystal that has a unit
cell comparable to a 3 nm small particle. What would normally be a
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collection of a few tens to a few hundreds of identical unit cells now
becomes a nearly perfectly ordered assembly of a few thousands of
atoms but with periodicity at the length scale of a typical nano-
particle. It is, therefore, reasonable to expect that properties of such
a crystal in bulk form would be fundamentally different from the
properties of both conventional crystalline materials with “normal”
unit cells and nanoparticles.

Research on intermetallic compounds with giant unit cells dates
back to 1944 when Perlitz reported an extremely large cubic unit
cell for the § phase in the Al-Mg system, which has a lattice
parameter of a = 28.13 A [5]. This phase with Mg,Al; composition is
also known as one of the so-called Samson phases named after the
scientist who first reported its very complex crystal structure in
1965 [6]. A few years earlier Samson determined another crystal
structure with a similarly large cubic unit cell (a = 30.56 A) con-
taining in excess of 1000 atoms in a compound with the compo-
sition NdCdig2 [7]. More systematic research on such systems
started recently [8—13], when both high-resolution x-ray diffrac-
tion and transmission electron microscopy instruments became
readily available.

Reminiscent of nanocrystals, giant unit cells are constructed
from smaller structural blocks or clusters and they may be viewed
as cluster-modulated structures [14]. For example, a number of
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related compounds with giant unit cells found in the Al-Cu-Ta
system show the so-called super-ordering of fundamental Laves
phase-type structural blocks with a common periodicity of ~6.5 A
[13], while the structure of YbCuy4 5 consists of AuBes-type blocks (a
~7 A) [8]. Very subtle changes in chemistry (a few at. %) may
drastically change the size of the unit cell, as was observed in the
Al-Cu-Ta, Yb-Cu, and Dy-Cu systems [9,11,13]. Structurally distorted
regions occur in many compounds with giant unit cells where
highly symmetrical atomic environment coexists with distorted
polyhedra and partially occupied atomic sites [6—8,13].

In the ternary intermetallic R-T-X systems (R = rare earth,
T = transition metal, X = p-element) an extended family of nearly
isostructural compounds, all adopting giant cubic unit cells with a
on the order of 30 A, shows highly complex crystal structures and
physical behavior. The first compound reported to crystallize with
the giant unit cell is Tbqi7Fes52Geq12 [15]. Since then, a series of
compounds with the Tbii7Fe5;Geq1p — type structure has been
prepared and characterized with X = Ge: Ry;7Fe52Geq12 (R =Y, Pr,
Sm, Gd-Tm and Lu), Ry;7Cr55Ge;;z (R= Nd and Sm) and
R117C052Geq12 (R= Pr and Sm) [16—19]. Similar compounds were
found with X = Sn, and a closely related crystal structure, where
one additional site is fully or partially occupied by the Co atoms,
was first reported for Dy17Co57Sn112  [20].  Recently,
R117C054.xSN1124y compounds were reported for R =Y, La — Lu,
except Pm, Eu and Yb [21—25]. The Co/Sn ratio varies slightly
depending on the size of the R component [24]. Different degrees of
crystallographic disorder have been reported for most
R117C054:xSN1124y compounds [22,24,25]. Single crystals of
R117Nis4.ySnq12-, compounds with R = Gd, Tb, Dy obtained by flux
growth method showed much disorder as well [26].

The physical properties of these compounds are not well un-
derstood, but several recent studies report basic magnetic and
transport properties mainly for Ri17C054,xSnq124y alloys [22—-27],
but also for Tb117Fe52GE113.8(]) [28], and R117Ni54_y5n112_z [26]. The
presence of chemical and structural disorder and the fact that these
systems are on the edge of breaking translational symmetry leads
to predominantly glassy behavior. For example, cluster spin glass
ground states have been observed in Pry17Co5455n1152 [27] and
Tbq17Fes2Geq13s [28], and an exceptionally low lattice thermal
conductivity was reported for a single crystal of Gdq17C056Sn112
[23].

The magnetic and transport properties of Gdi17Cos56Sni12 were
measured using a flux-grown single crystal [23] but it was found
that properties of bulk polycrystalline samples of Gd117C056.45n114.3
are somewhat different from those of the single crystal [24]. For
example, the bulk material exhibits several magnetic anomalies in a
1 kOe applied magnetic field, which were not observed in the single
crystal [23]. In addition, Gd117C0564Sn114.3 polycrystalline samples
show a clear anomaly in the temperature dependence of electrical
resistivity around 70 K [24]. A similar anomaly was observed in a
single crystal but at a much lower temperature (near 10 K) [23]. The
differences between the physical behavior of single- and poly-
crystalline samples was suggested to originate from structural and/
or compositional imperfections that are inherently present in such
complex systems [24].

In this work we report the study of Gdi17C0564Snj143 using
detailed dc and ac magnetization measurements, heat capacity
measurements, and Mossbauer effect, all of which have revealed
unexpected physics that may be linked to competition between
long-range and short-range magnetic interactions in
Gd117C056.45n114.3.

2. Experimental methods

The sample of Gd117C056.4Sn114.3 used in this study was prepared

by arc melting and annealing in a helium-filled quartz ampoule at
1050 °C for 15 days. The results presented here were obtained on
the same sample that was used in Ref. [24] where the details of x-
ray diffraction study and crystal structure can be found (also see
Table 1). A second sample of the same composition was synthesized
to validate the observed experimental results confirming they are
reproducible.

Magnetic measurements were performed using a super-
conducting quantum interference device (SQUID) magnetometer
(MPMS XL, Quantum Design, USA). The dc magnetization was
measured in the temperature range of 2—300 K and a magnetic
field range of 0—70 kOe in zero-field-cooled (ZFC) warming regime
followed by the field-cooling (FC) measurements. The AC magnetic
susceptibility was measured in an AC field of 5 Oe at frequencies
varying from 1 to 1000 Hz in the temperature range of 2—150 K in
zero dc applied field first, then with a constant frequency 1 Hz in
different dc bias magnetic fields between 0 and 10 kOe. Heat ca-
pacity was measured on a zero field cooled sample upon heating
using Physical Property Measurement System (PPMS) in zero and
10 kOe magnetic fields in the temperature range between 2 and
80 K.

The 50 mCi '*Gd source and sample were mounted vertically in
a helium flow cryostat and the Mdssbauer drive was operated in
sinusoidal mode. The 86.55 keV Maossbauer y-photons were iso-
lated from the various x-rays emitted by the source with a high-
purity Ge detector. The system was calibrated using a laser inter-
ferometer with velocities cross-checked against both >’CoRh/o-Fe
at room temperature and !>°SmPds/GdFe, at 5 K. The
155 Gd Mossbauer spectra were fitted using a non-linear least-
squares minimization routine with line positions and intensities
derived from an exact solution to the full Hamiltonian [29].

3. Results and discussion
3.1. Magnetic susceptibility

The magnetization of Gd17C0564Sn114.3 measured in ZFC and FC
regimes at 100 Oe is shown in Fig. 1. A sharp increase of magneti-
zation at 65 K (T¢) marks the transition from the paramagnetic (PM)
to the magnetically ordered state. A broad peak at T; = 47 K fol-
lowed by the steep decrease in magnetization indicates the prev-
alence of antiferromagnetic interactions in the low-temperature
state of Gdq17C056.4Sn114.3. Two additional anomalies: a change of
slope at T, = 28 K, (better seen as a peak in the dM/dT plot shown in
the inset of Fig. 1), and a minor peak at T3 = 11 K are also observed in
both ZFC and FC plots. Usually such anomalies are associated with
spin reorientation. As discussed in Ref. [24], the multiple magnetic
structures are expected in Gdq17C0564Sn114.3 considering its com-
plex crystal structure where eight crystallographically non-
equivalent atomic sites are occupied by the Gd atoms. At the
same time, the changes in magnetization may be related to the

Table 1
Physical parameters of the Gd17C0s¢4Sn114.3 compound.
Parameter Value Reference
Lattice parameter, a 30.186(4) A [24]
30.159(3) A [23]
Magnetic ordering temperature, Tc 65 K This study
T 47 K This study
T, 28 K This study
T3 11K This study
Effective magnetic moment, pegr 7.1 pg/Gd [24]
7.1 pg/Gd This study
Weiss temperature, 0, 87 K [24]
89 K This study
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Fig. 1. Magnetization of Gd;17C0s64Sn1143 measured as a function of temperature in
100 Oe magnetic field under ZFC and FC conditions. The inset is the first derivative of
magnetization with respect to the temperature.

cluster structure of the compound. Because the nearest neighbor
environment of the clusters is different, the temperature variation
of magnetic interactions within a cluster as well as the interactions
between the clusters can lead to the unusual thermomagnetic
behavior observed in Fig. 1. Thermomagnetic irreversibility in the
ZFC warming — FC cooling magnetization data is evident below T3,
and it can be either caused by the domain wall pinning effect (long-
range order scenario) or by strong magnetic frustration (glassy
behavior). Since irreversibility occurs only at low temperatures,
well below the magnetic ordering transition at Tc, the former sce-
nario is more plausible. On the other hand, magnetic frustration is
to be expected in this system considering the spin-glass behavior of
the Pr117C05455n1152 [27].

Fig. 2a shows the ZFC and FC M(T) data of Gd117C056.4Sn1143
measured in magnetic fields of 5, 10, and 30 kOe. The Curie-Weiss
fit of the 5 kOe data measured after zero field cooling (Fig. 2b)
leads to the effective magnetic moment of 7.1 ug/Gd atom and
Weiss temperature of 89 K, both of which are practically identical to
those reported in Ref. [24]. When the applied magnetic field
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increases, the anomaly at T3 practically disappears, and the other
magnetic anomalies become broader compared to low magnetic
field measurements (especially the one at T¢) and shift to higher
temperature. At 30 kOe, the peak at T; is fully suppressed and M(T)
only exhibits a minor change of slope at ~ 60 K. Magnetic ordering
temperature (T, defined as the minimum of dM/dT) is remarkably
sensitive to the applied magnetic field, rising from ~65 K for
H =100 Oe to ~100 K for H = 30 kOe. Fewer anomalies are seen in
the M(T) behavior as the magnetic field increases suggesting that
higher fields make the magnetic interactions more uniform. While
alignment of magnetic moments along the magnetic field vector
could be another possible explanation for the disappearance of
minor magnetic transitions, the M(H) measurements below show
that this is not the case here.

Fig. 3 shows magnetization isotherms measured at selected
temperatures from 0 to 70 kQOe. At 2 K, the magnetization changes
nonlinearly with magnetic field but shows no sign of saturation. No
hysteresis is observed during increasing and decreasing cycles of
the magnetic field. At 50 and 55 K, a weak initial increase in

e '

ol A i

I'--

el

§ 8 Tgn ;;;D’Dﬂzgﬁﬁg-
kOe) }-’_1_;;Dgﬂfm@@@,8m

o™ [ 2K

A0 —— 20 KL

—e— 50 K|

—s— 55 K|

H (kOe)

Fig. 3. Isothermal magnetization of Gd;17C0s¢ 4Sn1143 measured at 2, 20, 50, and 55 K.
The inset magnifies a low-field region between 0 and 10 kOe.
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Fig. 2. (a) Temperature dependence of Gd;17C0564Sn1143 magnetization measured in 5, 10, and 30 kOe magnetic field under ZFC and FC conditions. Note that the ZFC data (filled
symbols) completely overlap with the FC data (open symbols) indicating no hysteresis. (b) The inverse magnetic susceptibility (H/M) of Gd117C0564Sn114.3 measured in a 5 kOe

magnetic field after zero field cooling and the Curie-Weiss fit of the data above 200 K.
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magnetization is observed for the fields less than 2 kOe, revealing
the occurrence of spontaneous magnetization due to the formation
of ferromagnetic clusters, consistent with the M(T) data. Overall,
the M(H) behavior indicates a dominance of antiferromagnetic in-
teractions with the minor ferromagnetic component.

Fig. 4 shows the temperature dependence of the real %’ and
imaginary 7" parts of the AC susceptibility of Gdq17C0564Sn1143
sample measured as a function of temperature at frequencies
ranging from 1 to 1000 Hz using the AC driving field of 5 Oe. The
real part of the susceptibility shows a fast increase starting from
~70 K (i.e. just above T¢), which is typical for the transition from the
paramagnetic to the long-range ordered state, and a rounded
maximum at ~47 K (Ty), which agrees well with the dc M(T) data.
Two other anomalies, a slope change at ~28 K (T,) and a sharp step
at 8 K (near T3) are observed. Weak frequency dependence occurs
from 28 to 8 K but is absent below 8 K, which means that the
magnetic irreversibility observed in M(T) data (Fig. 1) below T3 is
caused by coercivity, not magnetic frustration, supporting the hy-
pothesis of magnetic domain formation. In the imaginary part, a
sharp step is observed at the Curie temperature. However, this step
nearly disappears when the frequency reaches 1000 Hz. The peak
observed at 50 K in ¢’ corresponds to the quick rise of %’ at this
temperature. There is also a peak in ¢ and a change of slope in ' at
28 K. In addition, %”(T) shows a small rounded peak at ~14 K fol-
lowed by a sharp drop. Weak frequency dependence is observed in
%”(T) data between 14 and 28 K.

Fig. 5 shows 7/(T) and 7¢"(T) data of Gd117C0564Sn1143 measured
in the dc bias magnetic fields of 0, 100, 200, 500, 1000, and
10,000 Oe. Increasing the bias dc magnetic field from 100 to 500 Oe
suppresses both the %’ and y”. The /(T) data show that the 100 Oe
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Fig. 4. Temperature dependence of the real (') and imaginary (") components of the
ac susceptibility between 2 and 120 K at frequencies varying from 1 to 1000 Hz.
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Fig. 5. Temperature dependence of the real (') and imaginary (") components of the
ac susceptibility between 2 and 120 K recorded with different Hqc.

external bias dc magnetic field has no significant influence on T¢
and T, transitions while the anomaly at 8 K develops into a sharp
peak. However, the y”(T) data measured at H = 100 Oe only shows
peaks at 12 and 36 K, respectively. At H = 200 Oe, the T; peak shifts
remarkably to 40 K and at H = 500 Oe, the anomaly at T; is not
observed, and only the peak at T¢ is preserved. At H = 1 kOe and
above, both /(T) and ”(T) become low even though the magne-
tization (from M(H)) is not saturating. However, it is expected that
the magnetic domains do not respond to the low H,. value (5 Oe)
when the dc bias field is > 1 kQOe.

It is somewhat surprising that the ac magnetic susceptibility of
Gd117Co56.4Sn114.3 shows only weak frequency dependence, when
much stronger frequency dependence related to cluster spin glass
behavior is observed in the isostructural compound
Pri17Cos45Sn1152 [27] as well as in the structurally similar
Tb117Fes2Geq13.g [28]. It is known that structural disorder is present
in all of these compounds. Random occupation of Co and Sn in some
of the atomic sites [24] affects nearest neighbor environment and
frustrates the indirect exchange interaction of R atoms mediated by
conduction electrons. These two features, crystallographic disorder
and magnetic frustration, are the two key ingredients for the for-
mation of a spin glass state. However, in Gd117C0564Sn114.3 the spin
glass state is not observed as follows from the nearly frequency
independent AC magnetic susceptibility. Conversely, magnetic
measurements indicate the possibility of ferromagnetic long range
magnetic ordering supported by the clearly positive Weiss con-
stant, 6, = 89 K (Fig. 2b and Table 1). The difference between Gd
and Pr compounds may originate from the fact that the average
interatomic  distances are shorter in  Gd{17C0564SN114.3
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(a = 30186 A, see Table 1) compared to Pry17C05455n1152
(a = 30.8295 A [27]). Further, in R;TX3 compounds (R = U or rare
earth element, T = transition metal, X = Si, In and Ge) with AlB;- or
Calny-type crystal structure, long range ordering, spin glass, or
coexistence of both long range and spin glass states are known to
occur depending on the strength of the magnetic exchange inter-
action as R, T, or X vary [30]. One can expect similar variation to
occur in Ry17C0541xSN1124y compounds.

3.2. Heat capacity

The heat capacity of Gdq17C0564Sn1143 was measured in zero
and 10 kOe magnetic fields and the results are shown in Fig. 6.
Except for a broad anomaly at ~10 K, there are no obvious signa-
tures of phase transformations in the heat capacity plot despite the
fact that the multiple anomalies were observed in the M(T) data.
Usually, the absence of heat-capacity anomaly at the magnetic
phase transition indicates the absence of the conventional long-
range magnetic ordering and the formation of a spin glass or a
frozen state [31—33]. However, in Gd117C056.4Sn1143 the frequency
dependence is minor and mostly observed in %”(T) (Fig. 4). Further,
the electrical resistivity shows a clear anomaly in Gd117C0564Sn1143
compound around T¢ [24], also shown as inset in Fig. 6. The lack of
distinct heat-capacity anomalies indicates that the entropy changes
associated with the changes in the spin structure of
Gdq17Co56.4Sn114.3 are negligible compared to the phonon contri-
bution to the heat capacity. Additionally, it appears that the mag-
netic entropy is spread over an unusually broad range of
temperatures. This is partially supported by the fact that the
applied magnetic field affects the heat-capacity in the very broad
temperature range starting above ~30 K, indicating a major
contribution from magnetic entropy below, at, and above Tc¢. Ac-
cording to the inverse magnetic susceptibility plot (H/M vs. T,
Fig. 2b, see also Ref. [24]) the deviation from the linear Curie-Weiss
behavior begins around 150 K, where the conventional short-range
clustering likely begins.

However, the discrepancy between electrical transport and heat
capacity data is not easy to explain. One may assume that the
magnetic ordering of Gdq17Cos64Sn114.3 begins at Tc with a local
ordering of one or more clusters, sufficient to modify electrical
resistivity behavior, and ends either at To ~28 K or T3 ~11 K — it
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Fig. 6. Temperature dependence of heat capacity of Gd;17C0s56.45n114.3 under zero and
10 kOe magnetic field. Temperature dependence of electrical resistivity (from Ref. [24])
is shown in the inset for comparison.

appears that magnetic domains exist below Ts. This would be quite
an unusual behavior for a normal intermetallic compound, how-
ever, in the system where the lattice parameter (a measure of
crystallographic periodicity) by far exceeds the range of the RKKY
exchange correlations that govern the magnetism of rare-earth
compounds one may expect that the true long-range magnetic
order is not established across the whole unit-cell at once. Tradi-
tionally such phenomenon would be described as a short-range
order effect (e.g. a spin glass or a cluster spin glass), but more
likely than not the size of the magnetically ordered clusters is so
large that their ordering exhibits at least some characteristics of
conventional long-range order.

3.3. Mossbauer effect

In order to further probe the magnetic ordering in
Gd117C056.4Sn1143, > Gd Mossbauer spectra were recorded be-
tween 5 K and 60 K (the upper limit being set by the rapid reduction
in the recoil-free fraction at high temperatures). The spectra shown
in Fig. 7 exhibit few resolved features as a result of the severe line
overlap that results from the many crystallographically distinct
gadolinium sites in the large unit cell. However some conclusions

Absorption (%)

Co

Sn

Gd

1|17 56.!5 114.5?,

| |
-4 -2 0 2 4
Velocity (mm/s)

Fig. 7. °°Gd Mossbauer spectra for Gd;17C0s6.45n1143 measured between 5 and 60 K.
The solid lines are fits described in the text.
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can be drawn from a visual inspection: at 60 K the form of the
spectrum suggests that the gadolinium is paramagnetic, while the
broadening that occurs on cooling clearly indicates the develop-
ment of magnetic order.

Given the severe line overlap and multiple gadolinium sites, a
free fit was not likely to be stable, so we sought simplifying con-
straints. Assuming that the 60 K pattern was indeed paramagnetic
we identified the minimum number of doublets that would fit the
observed spectral shape. The strongest doublet is clear, and there
are visible shoulders due to a second doublet with a larger splitting.
A third, weaker doublet was found to be necessary to account for a
mis-fit in the center of the pattern. This final fit gave a %2 of 0.98 and
a linewidth of 0.36(2) mm/s (FWHM) typical of >> Gd Méssbauer
spectra. The three components had quadrupole splittings (eQV_;)
and areas of: 1.79(14) mm/s (32(5)%), 3.38(12) mm/s (47(4)%) and
6.30(13) mm/s (21(2)%). These were rounded to 3:5:2 and used as
constraints on eQV,; and area for the fits to the lower temperature
spectra.

The results of fitting this constrained three-site model are
shown as the solid lines in Fig. 7, and the fitted hyperfine fields for
the three components are shown as a function of temperature in
Fig. 8. Even with the area and quadrupole constraints, it is apparent
that the scatter remains significant, and it is unlikely the fits are
unique, however the trends are still clear. The average hyperfine
field (<Bys >, shown as an inset to Fig. 8) shows evidence for two
magnetic transitions: The appearance of a hyperfine field on cool-
ing through 60 K, and a break in < By¢> vs. (T) near 20 K. The former
corresponds to T, while the latter to T,. While the assignment of
the 60 K event to the onset of order is quite robust, the severe line
overlap and the limited basis for the constrained fits make it
difficult to establish the nature of the 20 K event. The change in
spectral shape is suggestive of a reduction in the projection of Byf
onto the principal axis of the electric field gradient, which would
imply a spin reorientation occurs on cooling through 20 K, but this

assignment remains  speculative  without independent
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Fig. 8. Temperature dependence of the hyperfine field at the three sites fitted to the
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(red squares), and 20% (green circles) based on the 60 K spectrum. The inset shows the
average hyperfine field with a dashed guide to the eye showing the break at ~20 K. (For
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confirmation.

4. Conclusions

The physical behavior of Gd{17C056.4Sn114.3 compound is difficult
to describe in terms of conventional magnetic ordering due to the
fact that short-range order, minor magnetic frustration, and mag-
netic domains are all present at low temperatures.

Four consecutive magnetic anomalies at Tc = 65 K, Ty = 47 K,
T> = 28 K, and T3 = 11 K have been observed in Gd;17C0564Sn114.3 by
both dc and ac magnetization measurements. Mossbauer effect
study shows that magnetic ordering in Gd117C0564Snj14.3 sets in
around 60 K and another phase transition occurs at 20 K. The
ordering temperature, T, quickly increases with increasing mag-
netic field. The temperature of magnetic anomalies is frequency
independent according to ac susceptibility, ruling out the possi-
bility of spin glass state; however, a minor frequency dependence of
%”(T) data suggests some magnetic frustration. The absence of
anomalies associated with the multiple phase transitions in the
heat capacity data indicates that the entropy change due to the
magnetic transition is either negligible or spread out over a large
temperature range. At the same time it appears that long range
ferromagnetic order (magnetic domains) sets in below T3 coin-
ciding with the approximate temperature of the broad heat ca-
pacity anomaly and near the second transition observed in
Mossbauer data.
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