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The structural and magnetic properties of TbyFe,Si,C have been investigated by bulk measurements
(magnetisation and specific heat), X-ray diffraction, neutron powder diffraction and >’Fe Mossbauer
spectroscopy over the temperature range 3 K—300 K ThyFe;Si,C is antiferromagnetic with a Néel tem-
perature Ty of 44(2) K. The magnetic structure can be described with a propagation vector k = [0 0 %]
with the Tb magnetic moments ordering along the b-axis. We also observed strong magnetoelastic ef-
fects in particular along the a- and c-axes associated with the antiferromagnetic transition. The >Fe
Mossbauer spectra show no evidence of magnetic splitting down to 10 K, indicating that the Fe atom is
non-magnetic in TbyFe;,Si,C.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The RyFe,SioC (R = rare-earth) series of compounds were
discovered by Paccard and Paccard [1]. These quaternary com-
pounds crystallise in the monoclinic Dy,Fe,Si; C-type structure
with the C2/m (#12) space group. An extensive range of compounds
with R =Y, La—Nd, Sm, Gd—Tm and Lu has been synthesised and
studied [1—-3]. The R, Fe and Si atoms occupy 4i sites with the m
point symmetry, generated by (x,0,z), while the C atom occupies the
2a site at (0,0,0) with the 2/m point symmetry.

These compounds are antiferromagnetic, with Néel tempera-
tures (Ty) ranging from Ty ~ 45 K for TbyFe;Si>C to Ty ~ 2.7 K for
Tm;yFe,Si>C [2,4]. No magnetic order was observed for Y2Fe;SisC,
PryFe,SioC and LuyFe,Si>C down to 2 K. Based on magnetisation
studies, the magnetism of RyFe;,Si,C was attributed solely to the R
atoms, ie. the Fe atom was reported to be non-magnetic. The
magnetic structures of NdyFe;Si,C and Tbh,Fe;,Si,C were first re-
ported by Le Roy et al. [5] who proposed a doubled antiferromag-
netic structure along the c-axis (k= [0 0 %]) with both the R and Fe
sublattices being magnetically ordered, almost perpendicular to
each other. Recently, we used neutron diffraction on Gd,Fe,Si,C
and HoyFe;Si>C to show that the Gd and Ho sublattices order
antiferromagnetically along the b-axis with a propagation vector
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k=[00 %] and on the basis of >’Fe Mossbauer spectroscopy we
found that the Fe atom carries no magnetic moment in these
compounds [6,7].

In this paper, we present the results of our re-examination of the
magnetic and structural properties of TbyFe;Si,C using x-ray
diffraction, magnetisation, specific heat measurements, neutron
powder diffraction and >’Fe Mossbauer spectroscopy. Our main
interest arises from the inconsistent results between magnetic
studies which suggest that the Fe atom is non-magnetic [4] and the
neutron diffraction study of Le Roy et al. [5] who proposed mag-
netic order in both the Tb and Fe sublattices. Our findings reveal
that while our neutron diffraction refinements cannot definitively
confirm or rule out the existence of magnetic order of the Fe sub-
lattice, no magnetic splitting is observed in the >’Fe Mdssbauer
spectra collected below Ty, thus establishing the absence of mag-
netic ordering of the Fe sublattice in this compound. In addition,
our low temperature x-ray diffraction measurements show large
magnetoelastic effects with a magnitude of ~5 x 10~> (at 20 K)
associated with the antiferromagnetic transition below
Tn = 44(2) K, with the effects being prominent along the a and ¢
directions.

2. Experimental methods

The TbyFe;Si>C samples were prepared by arc-melting the high
purity elements (at least 99.9 wt%) under an argon atmosphere. The
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ingots were turned and re-melted several times to ensure homo-
geneity. X-ray powder diffraction (XRD) patterns were collected at
various temperatures between 300 K and 20 K using a PANalytical
Empyrean diffractometer (Cu-K, radiation) equipped with an Ox-
ford Instruments Phenix closed-cycle refrigerator.

Magnetisation and zero field specific heat data were measured
using a Quantum Design Physical Property Measurement System
(PPMS). Magnetisation data were collected in the temperature
range between 2 Kand 300 K in an applied field uoH = 1 T, while the
specific heat measurement was performed using a relaxation
method between 2 K and 300 K. The ordering temperature was
determined from the peak of the temperature derivatives of mag-
netisation and specific heat data.

Neutron diffraction experiments were carried out on the
Echidna high resolution powder diffractometer [8] at the OPAL
reactor in Sydney, Australia with an incident neutron wavelength of
2.4395(5) A. Short duration neutron diffraction patterns were
collected at various temperatures between 3 K and 60 K to provide
overall insight into the structural and magnetic behaviour over this
temperature range. Long duration patterns were obtained at 3 K
and 60 K — below and above the antiferromagnetic transition
Ty = 44(2) K — for more detailed investigations. All diffraction
patterns were corrected for absorption effects and were refined by
the Rietveld method using the FullProf/Winplotr software [9,10].

57Fe Mossbauer spectra were collected in standard transmission
mode using a °’Co—Rh source. The spectrometer was calibrated
with an a-Fe foil at room temperature and the sample temperature
was varied from 10 K to 80 K using a vibration-isolated, closed-cycle
refrigerator. All spectra were fitted using the Recoil software [11].

3. Results
3.1. Crystal structure

Refinement of the X-ray diffraction pattern collected at room
temperature confirmed the formation of the monoclinic
Dy;FesSipC-type structure with impurity phases (identified as
TbCp 33 (terbium carbide) and unreacted silicon) present in the
total amount of ~3 wt%. The refined pattern is shown in Fig. 1.
The lattice parameters of TbyFe,Si;C obtained from this refine-
ment are a = 10.628(1) A, b = 3.9362(4) A, c = 6.7701(6) A and
6 = 129.32(1)°, in good agreement with the values reported by
Paccard and Paccard [1].
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Fig. 1. Rietveld refinement of the X-ray diffraction pattern of Th,Fe,Si,C collected at
room temperature (Cu-K, radiation). The Bragg markers from top to bottom represent
TbyFe,Si,C, TbCo 33 and Si, respectively.

3.2. Magnetic properties

In Fig. 2, we present the dc (molar) magnetic susceptibility of
TbyFe,Si>C obtained with an applied field of upH=1 T. The anti-
ferromagnetic transition at Ty = 44 K is indicated by a cusp-like
transition in the susceptibility data. This result is in excellent
agreement with the previously reported ordering temperature of
45 K [4]. The Curie—Weiss fit to the inverse molar susceptibility
(inset in Fig. 2), yields a paramagnetic Curie temperature of
p = +36(2) K and an effective magnetic moment of
peff = 9.76(4) up, which agrees well with the theoretical peg of
9.72 ug expected for the Tb>* ion. Further, this result suggests that
the Fe atom is non-magnetic in TbyFe;Si,C.

In Fig. 3, we show the low temperature specific heat data, Cp, of
ThyFe,SisC. It is clear that the specific heat shows a A-type anomaly
at 44 K which is consistent with the antiferromagnetic transition
seen in the dc susceptibility at 44 K. From the Cp data, we can also
calculate the magnetic contribution to the entropy, Spgg oOf
TbyFeySi>C by integrating Cpgg/T, where Cpgg is the magnetic
contribution to the specific heat. To this end, we used the specific
heat of Y,Fe;Si;C as a non-magnetic background. The non-
magnetic contribution is then removed, taking into account the
molar mass difference between Y>Fe,Si>C and ThyFe,Si>C, following
the ‘many-Debye’ method of Bouvier et al. [12]. The normalised
(mass corrected) Cp data for Y,Fe,Si>C are also shown in Fig. 3. The
calculated values of the magnetic entropy of Tb,Fe,Si,C are shown
in the inset of Fig. 3. The magnetic entropy released at Ty is
10.7 ] mol~! K~! which is close to RIn(4) = 11.53 ] mol~! K~ which
suggests that the magnetic ground state consists of four levels.

3.3. Low temperature X-ray diffraction

In Fig. 4, we show the temperature dependence of the lattice
parameters and the unit cell volume of TbyFe,Si,C. This compound
does not undergo a structural phase transition down to the lowest
measurement temperature of 20 K. The lattice parameters and the
unit cell volume decrease monotonically as the temperature is
decreased to Ty ~ 45 K, however anomalies are observed upon
cooling below the Néel temperature. The ac-plane of the unit cell
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Fig. 2. DC susceptibility of Tb,Fe;Si,C obtained in field-cooled (FC) mode with an
applied field of uoH = 1 T. The inset shows the inverse susceptibility and a fit to the
Curie—Weiss law.
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Fig. 3. Zero field specific heat of TbyFe,Si,C and the normalised specific heat of
Y,Fe;Si>C. The inset shows the calculated magnetic entropy for Th,Fe,Si,C.

expands anomalously, as indicated by the increase in the a, c and g
parameters as the temperature is lowered. Interestingly, this lattice
expansion is compensated by an anomalous lattice contraction in
the b direction, resulting in the small net expansion of the unit cell
volume. A similar behaviour in the lattice parameters was observed
previously in TbFeSi [13,14]. We note that the anomaly in the lattice
b parameter is already seen below ~100 K, far above the Néel
temperature.

In order to better understand these lattice anomalies, we esti-
mated the non-magnetic background by fitting the lattice param-
eters and the unit cell volume data above T = 70 K (paramagnetic
state) with a second-order polynomial (see e.g. Ref. [15]). The fitted
curves were then extrapolated to T = 0 K and are plotted as solid
lines in Fig. 4. The b parameter already deviates from the estimated
non-magnetic background below ~100 K, which implies that there
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is an additional contribution to the lattice parameter beside the
phonon contribution. It is possible that this anomalous behaviour
in the paramagnetic region is due to crystal field effects as observed
in the RSb [16] and RCu; [17] systems. The differences between the
experimental data and the fitted curves were used to estimate the
change in lattice parameters due to the presence of exchange
striction. Since the anomaly is quite pronounced along the a- and c-
axes, we focus our analyses on the changes in the a-axis and c-axis
(Aa and Ac) with temperature as shown in Fig. 5.

It is known that the lattice change due to exchange striction is
proportional to the ordered moment (e.g. Refs. [18,19]). Assuming
that the magnetic moment and the reduced magnetisation (and
hence, the Brillouin function) follow the same temperature
dependence, it is expected that the lattice change due to exchange
striction will follow a Brillouin function. As can be seen in Fig. 5, the
temperature dependence of Aa and Ac for TbyFe;Si,C below 45 K
can be fitted reasonably well with a Brillouin function for Tb>*
(J = 6), indicating the dominant contribution from the exchange
interaction between the Tb atoms. The least squares fitting of the
lattice changes to the Brillouin function in Fig. 5 yield Ty = 44(2) K
and Ty = 42(2) K using the a- and c-axes, respectively.

It is also interesting to note the observation of a large sponta-
neous magnetostriction along the a- and c-axes with a magnitude
of ~5x 107> A at 20 K (Fig. 5). This value is comparable to the
spontaneous magnetostriction of other R-Fe-based compounds
such as TbyFey7 [20], TbFeyTi [21] and TbhyFe4B [22], although
unlike those compounds, we observed only small magnetovolume
effects in ThyFe,Si,C.

3.4. Neutron diffraction

In Fig. 6, we show the set of neutron diffraction patterns of
TbyFe,Si;C collected at various temperatures between 3 K and 60 K
over the angular range 8° < 26 < 50°. Several additional magnetic
peaks are seen in the diffraction patterns collected below 45 K, with
the strongest magnetic peak occurring at 26 ~ 14° and indexed as

<00 %) Tracking the temperature dependence of the intensity of

this magnetic peak allows us to determine the ordering tempera-
ture of ThyFe,Si>C to be ~45 K (inset of Fig. 6), fully consistent with
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Fig. 4. Temperature dependence of the lattice parameters and the unit cell volume of Tb,Fe,Si,C. The solid line represents a fit to the experimental data using a second-order

polynomial as discussed in the text.
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Fig. 6. Neutron powder diffraction patterns of Tb,Fe,Si,C obtained at 60 K, 45 K, 40 K,
35K, 30K, 20 K and 3 K (bottom to top; neutron wavelength A = 2.4395(5) A). The inset
shows the temperature dependence of the (OO% magnetic peak with the dashed line
acting as a guide to the eye.

the results from magnetisation (Fig. 2) and specific heat (Fig. 3)
measurements.

Neutron diffraction patterns collected above and below the Néel
temperature are shown in Fig. 7. As expected, refinement of the
60 K pattern of Tb,Fe;Si,C above Ty shows only nuclear scattering
from the monoclinic C2/m space group, with the parameters
derived from the refinement summarised in Table 1.

The neutron diffraction pattern at 3 K presents several addi-
tional magnetic peaks arising from the Tb sublattice which can be
indexed with a propagation vector k = [0 O %], i.e. cell-doubling
along the c-axis. In order to determine the symmetry-allowed
magnetic structures for the Tb atom at the 4i site, we carried out
representational analysis using the BASIREPS program, part of
FullProf suite [9]. The decomposition of the magnetic representa-
tion comprises four one-dimensional representations:

F4i:1F1+2F2 +2I's + T4. (1)

The basis vectors of these irreducible representations are given
in Table 2.
From Table 2, it can be seen that there are two symmetry-
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Fig. 7. Rietveld refinement of the neutron diffraction patterns of Tb,Fe;Si,C collected
at 60 K (top) and 3 K (bottom) with a neutron wavelength A = 2.4395(5) A. The rows of
Bragg markers represent Th,Fe,Si>C (nuclear), TbCp 33 and Tb,Fe,Si>C (magnetic) from
top to bottom, respectively.

Table 1
Crystallographic and magnetic parameters of Tbh,Fe;Si,C derived from the refine-
ment of the neutron diffraction patterns obtained at 3 K and 60 K.

60 K 3K
X1b 0.5612(12) 0.5613(8)
Z1 0.295(2) 0.293(1)
Xre 0.203(1) 0.201(2)
Zre 0.097(2) 0.095(2)
Xsi 0.158(2) 0.161(3)
Zsi 0.714(3) 0.714(4)
a(A) 10.6064(4) 10.6106(5)
b (A) 3.9330(2) 3.9322(2)
c(A) 6.7515(4) 6.7559(3)
B () 129.30(1) 129.33(1)
pr (1B) - 8.0(1)
Ry(%); Rup(%) 15.2; 13.0 11.1; 115
Reragg(%); Re(%) 10.2; 7.2 6.5; 4.6
Rmag(%) - 6.1

allowed orientations of the Tb magnetic moments; in the ac-
plane and along the b-axis. The 3 K neutron pattern can be well
fitted with the Tb magnetic moments aligned along the b-axis
corresponding to the I'4 representation which is equivalent to the
Cy¢c 2/m magnetic space group (#12.6.71 based on Litvin's scheme

Table 2
Representational analysis for the Tb atom at the 4i site in Th,Fe,Si,C with a prop-
agation vector k = [0 0 1].

Tb, (x,0,2) Tby (—x,0,—2)
Ty M, M,
Fz MerZ *MxvfMZ
F3 M,,M, MM,
T4 M, -M,
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[23]). The refinement parameters for the 3 K pattern are given in
Table 1.

The magnetic structure of Tb,Fe;Si>C consists of antiferromag-
netic ordering of the Tb magnetic moments along the b-axis as
shown in Fig. 8. The dominant ferromagnetic coupling between the
Tb magnetic moments within a unit cell is reflected in the positive
paramagnetic Curie temperature obtained from susceptibility
measurements (Section 3.2). The refined Tb moment at 3 K is
8.0(1) up, 11% smaller than the ‘free-ion’ value of 9 up. The reduction
of the Tb moment is most likely the result of strong crystal field
effects, as commonly observed in rare-earth intermetallic
compounds.

Our refined magnetic structure is slightly different from the
magnetic structure reported by Le Roy et al. [5] in which the Tb
moment is canted away from the b-axis towards an intermediate
planar arrangement. In order to check for the possibility of a canted
magnetic structure at low temperature, we carried out refinements
to the 3 K neutron pattern by varying the x- and z-components of
the Tb magnetic moments, i.e. mixing the I'; and I'4 representa-
tions. However, this approach did not improve the quality of the
refinement; this finding suggests that a single irreducible repre-
sentation (I'y) is sufficient to describe the magnetic structure,
consistent with the Landau theory of second-order phase transi-
tions [24].

The neutron diffraction pattern obtained at 1.2 K by Le Roy et al.
shows weak incommensurate magnetic peaks at 26, ~ 12° and
20, ~27° (d; =11.89 A and d, = 5.26 A) [5], while the refinement to
our 3 K neutron diffraction pattern (Fig. 7) shows no unfitted
magnetic peaks. This indicates that the incommensurate magnetic
peaks observed in the previous study [5] are most likely magnetic
peaks from an impurity phase and cannot be attributed to a change
in the magnetic structure from collinear antiferromagnetic to
incommensurate. To this end, we systematically carried out simu-
lations in an attempt to identify the possible impurity phase with
the incommensurate magnetic structure. We found that the mag-
netic peaks observed previously [5] can be reproduced by consid-
ering the incommensurate magnetic structure of TbFe,Si; (k = [0,
0.3225, 0.1778]) [25] which orders antiferromagnetically below 7 K
[25—27].

In Fig. 9, we show the temperature dependence of the lattice
parameters and the Tb moment obtained from the refinement of
the neutron diffraction patterns. The temperature dependence of
the refined Tb moment can be fitted with a J = 6 Brillouin function
with Ty = 44.2(2) K. We again found unusual behaviour of the
lattice parameters below Ty with the a- and c-parameters
increasing while the b-parameter decreases upon cooling, as
observed in the low temperature x-ray diffraction measurements
(cf. Fig. 4).

It should be noted that several attempts were made to refine the
pattern at 3 K by considering both the magnetic ordering of the Tb
and Fe sublattices for all possible irreducible representations

Fig. 8. The magnetic structure of Tb,Fe,Si,C at 3 K. Each block corresponds to a nuclear
unit cell. The Fe, Si and C atoms are excluded for clarity.
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shown in Table 2. In all attempts, we found the refined Fe moment
to be in the range of 1.0 — 1.5 ug. However, the results are virtually
indistinguishable i.e. the refinements yield the same R-factors as in
the refinement without the Fe moment. Based on this result, we
concluded that neutron powder diffraction alone is insufficient to
give a clear, unambiguous description of the magnetism of
ThyFe,Si>C, in particular regarding the behaviour of the Fe sub-
lattice. Therefore, we turned to >’Fe Méssbauer spectroscopy which
is a direct probe of the Fe site.

3.5. °”Fe Mossbauer spectroscopy

>7Fe Mossbauer spectra of Tb,yFe,Si,C collected well above Ty (at
80 K) and below Ty (at 10 K) are shown in Fig. 10. The 80 K spectrum
can be fitted using one doublet with a quadrupole splitting of
QS = 0.630(4) mmy/s and an isomer shift of IS = 0.095(2) mm/s
relative to a-Fe at room temperature. The 10 K spectrum (well
below Ty = 44(2) K) shows no magnetic splitting which gives un-
equivocal evidence that the Fe atom is non magnetic in this com-
pound. A small line broadening and an asymmetric doublet are
seen in the 10 K spectrum which reflects the presence of a small
transferred hyperfine field. The temperature dependences of the
57Fe hyperfine parameters obtained at various temperatures be-
tween 10 K and 80 K are shown in Fig. 11.

Similar to the case of HoyFe;,Si>C 7], a small line broadening is
observed on cooling below Tynser = 46 K, with the broadening
considered to be due to the transferred hyperfine field from the
surrounding Tb moments. The quadrupole splitting also shows an
increase below Ty, reaching a maximum value of
QS = 0.643(4) mm/s at 35 K. This behaviour may reflect the pres-
ence of a small transferred hyperfine field at the °’Fe nucleus due to
the ordering of the Tb sublattice. It is also possible that the
anomalous behaviour in the lattice parameters (Section 3.3)
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Fig. 10. >’Fe Mossbauer spectra of ThyFe,Si,C collected at 80 K and 10 K.
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Fig. 11. Temperature dependence of the hyperfine parameters of Tb,Fe,Si,C. The
dashed line is a guide to the eye. FWHM, QS and IS represent the linewidth, quadrupole
splitting and isomer shift, respectively.

contributes to the change in quadrupole splitting values. The iso-
mer shift values are found to remain constant at low temperature
below T ~ 50 K but decrease steadily above 50 K, consistent with the
behaviour expected from the second-order Doppler shift.

4. Discussion

Neutron diffraction patterns of TbyFe;SioC collected below
Ty = 44(2) K confirm the antiferromagnetic ordering of the Tb
sublattice along the b-axis with a propagation vector of k=[0 0 %].
This magnetic structure is similar to those observed in Gd,Fe;Si,C
[6] and HoyFe,Si>C [7]. We note that refinement of the neutron
powder diffraction data alone is insufficient to answer the question
of whether or not the Fe is magnetic in TbyFe,SioC. Given the
identical point symmetries of the Tb and Fe atoms in the C2/m
space group (both occupy 4i sites), it is impossible to distinguish
the magnetic contribution from both the Tb and Fe sublattices if
they order simultaneously below Ty with the same propagation

vectork=[00 %]. However, the use of >’Fe Mossbauer spectroscopy
as a direct probe at the Fe site gives strong evidence that the Fe
atom is in fact non-magnetic in TbyFe,Si,C, supporting the results
from the Curie—Weiss fit (Section 3.2) which suggests that there is
no contribution due to the Fe sublattice ordering. A small line
broadening below Ty is associated with the presence of a trans-
ferred hyperfine field from the ordering of the Tb sublattice and we
estimate this transferred hyperfine field to be around 0.4 T at 10 K.
By comparison, if the Fe atom were to carry a significant magnetic
moment such as ~1.7 up as derived from the previous neutron
diffraction studies [5] or 1.5 up as obtained from our neutron
diffraction refinements (Section 3.4), one would expect a hyperfine
field of at least 10 T at the >’Fe nucleus.

Low temperature X-ray diffraction and neutron diffraction
measurements show unusual behaviour in the lattice parameters
on cooling below Ty which is associated with the spontaneous
magnetostriction due to the antiferromagnetic ordering of the Tb
sublattice. Comparison of the temperature dependence of the lat-
tice parameters and the Tb moment as in Fig. 9, reveals that the
lattice shrinks along the direction of the Tb moment, and expands
perpendicular to the moment direction. In order to understand the
relationship between the lattice anomalies and the direction of the
Tb magnetic moment, we have checked the secondary structural
parameters, ie. the temperature dependence of the interatomic
distances between Tb atoms and the atomic displacement of the Tb
atom. However, our examination of these structural parameters
does not reveal any systematic trends, due to the large un-
certainties in the data. Further studies such as more extensive high-
resolution synchrotron radiation studies would clarify this
behaviour.

5. Conclusion

Neutron diffraction studies have established that the magnetic
order of the Tb sublattice in TbyFe,Si>C is commensurate antifer-
romagnetic along the b-axis with a propagation vector k = [0 0 %]
below Ty = 44(2) K. On the basis of >’Fe Mossbauer spectroscopy,
we find no evidence of magnetic splitting below Ty thus estab-
lishing the absence of magnetic ordering of the Fe sublattice. A
slight line broadening observed in the spectra taken below the
antiferromagnetic transition reflects the presence of a transferred
hyperfine field of order 0.4 T at 10 K from the ordering of the Tb
sublattice.
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