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Magnetic structures of R,Fe,Si,C intermetallic compounds:
Evolution to Er,Fe,Si,C and Tm,Fe,Si,C
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The magnetic structures of Er,Fe,Si,C and Tm,Fe,Si,C (monoclinic Dy,Fe,Si,C-type structure, C2/m
space group) have been studied by neutron powder diffraction, complemented by magnetization, specific heat
measurements, and 'Er Mossbauer spectroscopy, over the temperature range 0.5 to 300 K. Their magnetic
structures are compared with those of other R,Fe,Si,C compounds. Antiferromagnetic ordering of the rare-earth
sublattice is observed below the Néel temperatures of 7y = 4.8(2) K and Ty = 2.6(3) K for Er,Fe,Si,C and
Tm,Fe,Si,C, respectively. While Er,Fe,Si,C and Tm;,Fe,Si,C have the same crystal structure, they possess
different magnetic structures compared with the other R,Fe,Si,C (R = Nd, Gd, Tb, Dy, and Ho) compounds.
In particular, two different propagation vectors are observed below the Néel temperatures: k = [, %, 0] (for
Er,Fe,Si,C) and k = [0.403(1), % 0] (for Tm,Fe,Si,C). For both compounds, the difference in propagation
vectors is also accompanied by different orientations of the Er and Tm magnetic moments. Although the
magnetic structures of Er,Fe,Si,C and Tm,Fe,Si,C differ from those of the other R,Fe,Si,C compounds,
we have established that the two magnetic structures are closely related to each other. Our experimental and
first-principles studies indicate that the evolution of the magnetic structures across the R,Fe,Si,C series is a

consequence of the complex interplay between the indirect exchange interaction and crystal field effects.
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I. INTRODUCTION

Rare-earth intermetallic compounds are known to exhibit
a wide range of fascinating physical properties. Supercon-
ductivity, heavy-fermion behavior, Kondo effects, and charge
density waves are several interesting properties found in
this class of materials [1-5]. They also provide a unique
platform for applications based on magnetocaloric effects
(e.g., [6,7]). Most investigations on rare-earth intermetallics
focus on their magnetic properties, which are known to show
a strong dependence on the rare-earth ion. This stems from
the fact that the magnetism of rare-earth intermetallic com-
pounds is governed by the complex interplay between the
indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange
interaction and crystal field effects (CFE). As a result of
these interactions, many rare-earth intermetallic compounds
exhibit complex magnetic field-temperature phase diagrams
[8], and a number of different magnetic structures have also
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been shown to exist across a series of rare-earth compounds
[9].

Among various rare-earth based intermetallic compounds,
those formed with rare-earth and transition metal elements
(such as Fe, Co, and Ni) have attracted significant interest over
the past three decades. Not only do they serve as the basis for
permanent magnets, but these compounds allow us to study
interactions between the localized 4f electrons of the rare-
earth ions and the itinerant 3d electrons of the transition metal
elements. Here, we will concentrate on one of the rare-earth
transition metal compounds, R,Fe;Si,C, in which the Fe atom
was found to carry no magnetic moment [10-17].

The R,Fe,Si,C (R = Y, La-Nd, Sm, Gd-Tm) series of
compounds was discovered by Paccard and Paccard [18]
during their attempt to stabilize new compounds by adding
small amounts of Si and C to the R-Fe binary system. These
compounds crystallize in the monoclinic Dy,Fe,Si,C-type
structure with the C2/m space group (no. 12). The R, Fe,
and Si atoms occupy 4i sites (m point symmetry) in the
unit cell with four atomic positions: (x, 0, z), (x + %, %, 2),
(—x,0, —z),and (—x + % %, —z), while the C atom occupies
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are typically xg = 0.56, zz = 0.29, xg. = 0.20, zg. = 0.10,
xsi = 0.15, and zs; = 0.70 [11,18].

The magnetic studies of the R,Fe;Si,C (R =Y, Pr, Nd,
Gd, Tb, Dy, Ho, Er, and Tm) compounds by Schmitt et al.
[10] and Pottgen et al. [11] revealed that most of the com-
pounds are antiferromagnetic, with Néel temperatures Ty
ranging from Ty ~ 45 K for Tb,Fe,;Si,C to Ty ~ 2.4 K
for Tm,Fe,Si,C. On the other hand no magnetic order was
observed for Y,Fe,Si,C, Pr,Fe;,Si,C, and Lu,Fe,Si,C down
to 2 K [10,11,17]. Based on the magnetization measurements,
the magnetism of the R,Fe,Si,C (R = Nd, Gd, Tb, Dy, Ho,
Er, and Tm) compounds was attributed solely to the R atoms,
i.e., the Fe atom was reported to be nonmagnetic. Subsequent
neutron diffraction studies on Nd,Fe,;Si,C and Tb,Fe,Si,C
showed that the magnetic structures are characterized by the
propagation vector of k = [0, O, %] [19]. However, Le Roy
et al. [19] arrived at a different conclusion regarding the
magnetism of the Fe sublattice, in that they suggested that
both the R and Fe sublattices are magnetically ordered at low
temperature.

Recent neutron diffraction studies on R,Fe;Si,C (R = Gd,
Tb, Dy, and Ho) [13-16] confirmed that the magnetic struc-
tures of these compounds are characterized by the propagation
vector k = [0, 0, %] with the rare-earth magnetic moments
pointing along the b axis. Spin-reorientation of the Dy mag-
netic moment is observed in Dy,Fe,Si,C, in which the Dy
magnetic moment rotates from the b axis towards the a-c plane
on cooling below 7; ~ 6 K [16]. This spin-reorientation was
shown to be driven by the competition between the second-
order crystal field term and the higher-order terms [16].
7Fe Mossbauer spectroscopy measurements have been used
to establish unambiguously that the Fe carries no magnetic
moment in this series of compounds [13-17]. However, the
magnetic structures of the remaining magnetic compounds
in the series, Er,Fe,Si,C and Tm,Fe,Si,C, have not been
reported to date.

In order to fully understand the magnetic interactions in
these compounds, it is of interest to follow the evolution
of magnetic structures across this series. Although the mag-
netic structures of the R,Fe,Si,C (R = Gd-Ho) compounds
determined previously are relatively simple, Er,Fe,Si,C and
Tm;Fe,Si,C are expected to possess different magnetic struc-
tures due to the CFE. Er,Fe;Si,C and Tm;Fe,Si,C represent
compounds where the R** ions possess a different sign of
the second-order Stevens coefficients compared with the other
RyFe;Si,C (R = Tb, Dy, and Ho) compounds [20]. The
change in sign of the second-order Stevens coefficients from
negative (for R = Tb—Ho) to positive (for R = Er and Tm) is
known to account for differences in the easy magnetization
axis and orientations of the R magnetic moments across a
series of rare-earth compounds (e.g., [21-24]).

In this paper, we have used neutron powder diffraction,
complemented by magnetization, specific heat measurements
and '®Er Mossbauer spectroscopy, to determine the magnetic
structures of Er,Fe,Si,C and Tm,Fe,Si,C. We found that
despite sharing similar crystal structure, the magnetic struc-
tures of Er,Fe;Si,C and Tm;,Fe,Si,C are quite different from
the other R,;Fe;Si,C (R = Gd-Ho) compounds. Interestingly,
although differing from the other R,Fe;Si,C compounds,
the magnetic structures of Er,Fe,Si,C and Tm,Fe,Si,C are

closely related to each other; this behavior is as expected given
the same sign of the second-order Stevens coefficients for
Er and Tm. In order to shed light on the observed magnetic
behavior, we used first-principles calculations to calculate
the stability of different magnetic structures in Er,Fe;Si,C.
A possible origin for the different magnetic structures in
Er,Fe;Si,C and Tm;Fe,Si,C compared with other R,Fe,Si,C
compounds will be discussed.

II. METHODS

A. Experiment

The polycrystalline samples of R,Fe;Si,C (R = Er and
Tm) were prepared by arc-melting the high purity elements (at
least 99.9 wt.%) under an argon atmosphere. The ingots were
flipped and remelted several times to ensure homogeneity. X-
ray powder diffraction (XRD) patterns were collected at room
temperature using a PANalytical Empyrean diffractometer
(Cu-Ka radiation).

Magnetization and zero field specific heat data were mea-
sured using a Quantum Design Physical Property Measure-
ment System (PPMS). Magnetization data were collected in
the temperature range between 2 and 300 K in an applied field
of uoH = 0.5 T (field-cooled mode). The specific heat mea-
surements on Er,Fe;Si,C and Tm,Fe,Si,C were performed
using a relaxation method between 2 and 300 K, while the
specific heat of Tm,Fe,Si,C was measured between 0.5 and
300 K using a 3He option. The ordering temperature was
determined from the peak of the temperature derivatives of
magnetization and the peak of the specific heat data.

Neutron diffraction experiments were carried out on the
ECHIDNA high-resolution powder diffractometer [25] at the
OPAL reactor (Sydney, Australia) with an incident neutron
wavelength of 2.4395(5) A. All diffraction patterns were cor-
rected for absorption effects and were refined by the Rietveld
method using the FULLPROF/WINPLOTR software [26,27].

The source for the '°Er Mossbauer measurements was
prepared by neutron irradiation of Hop4Yo¢H, to produce
~9 GBq of the '%Ho parent isotope (7j/» = 26.9 h). Both
the source and sample were mounted vertically in a helium
flow cryostat, and a high-purity germanium detector was used
to isolate the 80.56 keV gamma rays. The spectrometer was
operated in sine mode and calibrated using a laser interfer-
ometer. The spectrum was fitted using a full solution to the
nuclear Hamiltonian [28].

B. Computation

Density functional theory (DFT) calculations were per-
formed on the Er,Fe;Si,C compound. The calculations were
carried out using the WIEN2K package [29], which is based
on the augmented plane wave plus local orbitals (APW+lo)
method. The plane-wave cutoff, defined by the product of
the smallest atomic sphere radius times the magnitude of the
largest reciprocal-lattice vectors (RMT,;, and Kiyax), was set
to 7.0 and a Gp.x (magnitude of the largest vector in the
charge-density Fourier expansion) of 12 was used for all cal-
culations. The muffin-tin radius are set to 2.50, 1.85, 1.84, and
1.44 a.u. for the Er, Fe, Si, and C atoms, respectively. Since
it is well known that the generalized gradient approximation
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(GGA) fails to predict the correct electronic ground states
of systems with strongly correlated electrons, we have used
the PBEO hybrid on-site functional [30]. In this framework,
25% of the DFT exchange is replaced by Hartree-Fock exact
exchange, leading to an improved description of the 4 f states
[30]. The lattice parameters and atomic positions derived from
the experimental data were used in the calculation mainly for
the following reasons: (i) The electric field gradient (EFG)
is very sensitive to slight structural modifications. While the
experimental accuracy on cell parameters is of the order of
0.0001 A, it is about 0.1 A in DFT, whatever functional is
used. As a result, applying DFT optimized cell parameters
usually leads to discrepancy in estimation of the EFG. (ii)
The present system is based on both itinerant and localized
electrons related to Fe(3d) and Er(4f) states, respectively.
Such a system is very problematic to treat using one functional
which could then lead to discrepancies in the optimized cell
parameters.

III. RESULTS

A. Crystal structure

X-ray diffraction patterns collected at ambient conditions
confirmed that both compounds crystallize in the monoclinic
Dy,Fe;Si,C-type structure (C2/m space group). The refined
lattice parameters are a = 10.534(2) A, b=3.8979(6) A,
c=6.68109) A, B=129.08(1)° for Er,Fe,Si,C, and
a=1049812) A, b=3.885(1) A, c=6.649(1) A, B =
128.99(1)° for Tm,Fe,Si,C. These values are in good agree-
ment with previous reports [11,18].

B. Magnetization and specific heat

The magnetic susceptibilities of Er,Fe,;Si,C and
Tm;Fe,;Si,C measured in an applied magnetic field of
0.5 T are shown in the left panel of Fig. 1. Cusp-like
transitions associated with the antiferromagnetic transitions
are clearly observable at Ty = 4.8(2) K and Ty = 2.6(2) K for
Er,Fe,Si,C and Tm;Fe,Si,C, respectively. The Curie-Weiss
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FIG. 1. (Left panel) The dc susceptibility of Er,Fe,Si,C and
Tm,Fe,Si,C collected in field-cooled mode (FC; uoH = 0.5 T).
The magnetic transition temperatures are marked by arrows. (Right
panel) Zero field specific heat of Er,Fe,Si,C and Tm,Fe,Si,C.
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FIG. 2. Rietveld refinements of the neutron diffraction patterns
of Er,Fe,Si,C and Tm,Fe,Si,C collected in the paramagnetic state.
The vertical markers indicate Bragg reflections from the monoclinic
Dy,Fe,Si,C-type structure with the difference between the experi-
mental and calculated patterns given by the blue line.

fits to the high temperature region of the inverse suscept-
ibility data (not shown here) yield paramagnetic Curie temper-
atures of Op(Er) = +5.9(6) K for Er,Fe;Si,C and 6p(Er) =
+6(1)K for Tm,Fe,Si,C. The effective moments, derived
from the Curie-Weiss analyses, are g (Er) = 9.60(2)up
and pegr(Tm) = 7.83(3)up, close to the theoretical values of
9.58up and 7.56up for these R3* ions. The specific heat data
[Cp(T)], shown in the right panel of Fig. 1, also confirm the
antiferromagnetic transitions occurring at Ty ~ 4.8 K (Er)
and Ty ~2.6K (Tm). These results agree with previous
magnetic studies [10,11].

C. Neutron powder diffraction

Neutron diffraction patterns of EryFe,Si,C and
Tm;Fe,Si,C collected in the paramagnetic state at 20 and
10 K, respectively, are presented in Fig. 2. Both diffraction
patterns exhibit the nuclear scattering from the monoclinic
Dy,Fe,Si,C-type structure. The crystallographic data derived
from the refinement of the 20 K (Er) and the 10 K (Tm)
nuclear patterns are given in Table I.

The diffraction pattern of Er,Fe,Si,C obtained at 1.4 K,
below the Néel temperature of 7y ~ 4.8 K (Fig. 3), shows
considerable magnetic contributions from the Er sublattice,
with the dominant magnetic peaks occurring at 26 ~ 20°,
32°, 38°, and 48°. It is clear that the magnetic struc-
ture of Er,Fe,Si,C is different from that of the R,Fe,;Si,C
compounds (R = Gd, Tb, Dy, and Ho) reported previ-
ously [13-16]. While the common magnetic structure of the

184426-3



R. A. SUSILO et al.

PHYSICAL REVIEW B 99, 184426 (2019)

TABLE I. Crystallographic parameters of Er,Fe,Si,C and
Tmj,Fe,Si,C derived from the refinements of the neutron diffraction
patterns obtained in the paramagnetic state (cf. Fig. 2).

ErzFeZSiZC Tl’IleezSizC
T=20K T=10K
XR 0.5608(8) 0.5614(9)
2R 0.294(1) 0.293(1)
XFe 0.2041(7) 0.2046(8)
ZFe 0.099(1) 0.102(1)
Xsi 0.155(1) 0.153(1)
Zsi 0.705(2) 0.701(2)
a(A) 10.5032(3) 10.4654(3)
b(A) 3.8916(2) 3.8824(2)
cA) 6.6546(3) 6.6214(3)
B () 129.06(1) 128.96(1)
R, (%); Ry, (%) 10.4; 8.8 12.2;9.9
Rprage (%); Re (%) 5.0;4.0 5.1;5.1

heavy-R;,Fe,Si,C (R = Gd, Tb, Dy, and Ho) is characterized
by an antiferromagnetic ordering of the R sublattice with
k = [0, 0, %] [13—16], the additional magnetic peaks observed
in the neutron diffraction pattern of Er,Fe,Si,C at 1.4 K can
be indexed with a propagation vector of k = [%, %, 0], i.e., a
cell-doubling along the a and b axes.

The possible magnetic structures allowed for the Er atom
at the 4i site with k = [%, %, 0] were determined using the
Baslreps program, part of the FULLPROF/WINPLOTR suite
[26,27]. The decomposition of the magnetic representation
comprises two components, each appearing three times:

% =3r, +3r, 60

The basis vectors of these irreducible representations are
given in Table II.

These two allowed magnetic structure models were tested,
and the best refinement to the diffraction pattern at 1.4 K was
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FIG. 3. Rietveld refinement of the neutron diffraction pattern
of Er,Fe,Si,C collected at 1.4 K. The rows of Bragg markers,
from top to bottom, represent Er,Fe,Si,C (nuclear) and Er,Fe,Si,C
(magnetic), respectively. The difference between the experimental
and calculated patterns is given by the blue line.

TABLEII. Representational analysis for the R atoms at the 4i site
in R,Fe;Si,C with a propagation vector k = [% % 0]. The columns
for the atomic positions represent R; = (x,0,2), Ry = (x + 1, 1, 2),

Ry = (—x,0,—2),and Ry = (x + 3, 3, —2).
R, R, R Ry
Iy [uvw] [uvw] [uvw] [uvw]
I [uvw] [uvw] [-u —v —w] [-u —v —w]

obtained using the I'; representation. While each irreducible
representation allows the Er magnetic moment to point in any
direction, initial attempts to refine all three components of the
Er magnetic moment always yielded a small y component of
the magnetic moment (close to zero within the uncertainty),
ie., ,u'var = 0.4(4)up. A rather large uncertainty in the y
component suggests that the Er magnetic moments lie in the
a-c plane, thus in the final refinement the ., component was
fixed at zero. We found that this approach did not affect the
quality of the refinement as indicated by the identical values
of the R factors. We therefore conclude that the Er magnetic
moment is in the a-c plane at 1.4 K. The refined Er moment
is 8.8(3)uup (Table III), in agreement with the free-ion value
of Oup.

The diffraction pattern of Tm;Fe,Si,C obtained at 2.35 K,
slightly below Ty = 2.6(3) K (Fig. 4), shows the appearance
of magnetic peaks due to the ordering of the Tm sublat-
tice. These additional magnetic peaks cannot be indexed
with either k = [0, 0, %], the common propagation vector for
R,Fe;Si,C compounds (observed in R = Gd, Tb, Dy, and Ho
[13-16]), ork = [%, % 0], the propagation vector appropriate
for Er,Fe,Si,C. In addition, these magnetic contributions
cannot be indexed using a simple multiplication of the crystal-
lographic unit cell, which implies that the magnetic structure
of Tm,Fe,Si,C is incommensurate with the nuclear unit cell.
In order to determine the propagation vector, we used the
k_search program, part of the FULLPROF suite [26], based on
the peak positions of the observed magnetic satellites. A prop-
agation vector of k = [k, %, 0] (k, ~ 0.401) is able to index
all magnetic reflections in the 2.35 K pattern. This propagation
vector is close to the k = [%, %, 0] observed in Er,Fe,Si,C.
However the presence of an incommensurate x component
of the propagation vector in Tm,Fe;Si,C indicates that the
magnetic unit cell of Tm;Fe,Si,C along the a direction is
larger than the magnetic unit cell in Er,Fe,Si,C.

We again used the Baslreps program, in order to deter-
mine the possible magnetic structures allowed for the Tm
atom at the 4i site with k = [k,, %, 0] (ke ~ 0.401). The
decomposition of the magnetic representations are similar
to the magnetic representation for k = [%, % 0] in the case
of Er,Fe,Si,C, except that there is only a single irreducible
representation in Tm,Fe,Si,C, i.e., '* = 3T";. Furthermore,
in the presence of an incommensurate propagation vector, the
Tm 4i site is split into two orbits, with the Tm magnetic
moments related by the center of inversion no longer cou-
pled to each other. Tm atoms at R; and R, form the first
orbit whereas Tm atoms at R; and R4 form the second orbit
(see Table II). The appearance of two orbits suggests the
possibility of having two magnetically inequivalent Tm sites
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TABLE III. Crystallographic and magnetic parameters of Er,Fe,Si,C and Tm,Fe,Si,C derived from refinement of the neutron diffraction

patterns obtained in the antiferromagnetic states (cf. Figs. 3, 4, and 6).

Er2F62S12C TszeZSiZC

T=14K T =235K T=15K
Xg 0.5612(8) 0.561(1) 0.5604(8)
7R 0.293(2) 0.293(3) 0.294(2)
XFe 0.204(1) 0.206(1) 0.205(1)
ZFe 0.100(2) 0.098(3) 0.100(2)
Xsi 0.156(2) 0.156(3) 0.155(2)
Zsi 0.705(3) 0.709(4) 0.705(3)
aA) 10.5042(3) 10.458(1) 10.4663(6)
b(A) 3.8923(2) 3.8792(4) 3.8831(2)
c(A) 6.6557(3) 6.6185(6) 6.6229(4)
B (deg) 129.06(1) 129.06(1) 128.95(1)
propagation vector k (3. 3.0] [0.401(1), 1. 0] [0.403(2), 1, 0]
commensurate
uy (ws) 3.5(4)
1 (1) 00
u® (up) 10.6(2)
MR (p) 8.3(3)
incommensurate
Ax(k) (B) 2.1(6) 2.5(3)
Ay (k) (up) 0.0 0.0
A (k) (p) 7.003) 10.2(2)
A(K)otar (B) 5.94) 8.3(2)
R,(%); Ryyp (%) 9.6; 10.2 14.0; 14.4 8.7,9.3
Rgragg(%); Rp(%) 3.8;2.6 33;23 3.0; 1.7
Rinag (%) 6.3 14.1 5.6 (1st), 10.9 (3rd), 15.5 (5th)

in Tm,Fe,Si,C. It should also be noted that the absence of
imaginary components of the basis vector allows us to rule
out a helical magnetic structure of Tm,Fe,Si,C.
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FIG. 4. Rietveld refinement of the neutron diffraction pattern of
Tm,Fe,Si,C collected at 2.35 K. The rows of Bragg markers, from
top to bottom, represent Tm,Fe,Si,C (nuclear) and Tm,Fe,Si,C
(magnetic), respectively. The difference between the experimental
and calculated patterns is given by the blue line.

Refinement of the Tm,Fe,Si,C pattern, collected at 2.35 K
and using a sine-modulated magnetic structure along the a
axis in which the magnetic moments of both orbits are con-
strained to be the same, yields a good fit to the data. Further
refinements obtained on varying the phase difference between
two orbits do not converge. In addition, convergence could not
be achieved through varying the magnetic moment amplitudes
of these two orbits independently. Similar to the case of
Er,Fe;Si,C, the refinement to the 2.35 K pattern by varying
all the x, y, and z components of the Tm magnetic moment
always led to a very small y component of the magnetic mo-
ment [,ugm = 0.2(2)up]. The y component was fixed to zero
in the final refinement. In Fig. 4, we show the refinement of
the 2.35 K pattern using a sine-modulated magnetic structure
with the wave running along the a axis and a cell-doubling
along the b axis, with the Tm magnetic moments lying in the
a-c plane. The refined amplitude A(k) of the sine-modulated
structure is 5.9(4)up. The mean magnetic moment can be cal-
culated using ot = A(k)/+/2, yielding a mean Tm magnetic
moment of 4.2(3)up at 2.35 K. The refinement parameters for
the 2.35 K neutron pattern are given in Table III.

Figure 5 contains plots of the low angle region of the
neutron diffraction patterns of Tm,Fe;Si,C collected at var-
ious temperatures between 1.5 and 2.35 K. Several additional
magnetic peaks are seen in the diffraction pattern collected
below ~2K, with the most prominent magnetic peaks oc-
curring at 260 ~ 18°, 23°, and 25°, suggesting a change in
magnetic structure. These magnetic peaks can be indexed with
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FIG. 5. Low angle region of neutron powder diffraction patterns
of Tm,Fe,Si,C obtained at 2.35, 1.95, 1.75, and 1.5 K (bottom to

top).

two additional propagation vectors, k, = [0.209, %, 0] and
k; =[0.015, %, ], corresponding to the third- and fifth-order
harmonics of the fundamental sine-wave, respectively. This
indicates that the sine-modulated magnetic structure observed
just below Ty transforms into a square-wave modulated mag-
netic structure on cooling below ~2 K. This “squaring-up”
transition is also observed in the case of thulium metal [31].
In general, a sine-modulated magnetic structure cannot be
stabilized down to absolute zero due to entropy effects [32]
and it will undergo either a transition into a square wave
or lock in to a commensurate magnetic structure (see, e.g.,
Ref. [33]). In the case of Tm,Fe;Si,C, we did not find any
evidence of a lock-in transition to a commensurate structure.
Rietveld refinement to the neutron pattern collected at 1.5 K
is shown in Fig. 6.

The 1.5 K pattern of Tm,Fe,Si,C can be fitted well using
a square-wave magnetic structure as discussed above. A
similar approach as in the refinement to the 2.35 K pattern
was used, in which the Tm magnetic moment is constrained
to the a-c plane. We tried to include the y component of the
magnetic moment, but the refined value of the y component
is close to zero within the uncertainty. The refined amplitudes
for the square wave are found to be 8.8(2)up, 3.0(2)up, and
1.8(2)up for the fundamental, third, and fifth harmonics,
respectively. The Tm magnetic moment in a square-wave
magnetic structure can be calculated from the amplitude A(k)
of the fundamental harmonic using ur, = A(k) x 7 /4 (e.g.,
Refs. [34,35]), yielding a refined Tm magnetic moment of
6.9(2)up, in agreement with the free-ion value for Tm3* ion
(gJ =17.0).

The magnetic structure of Tm;Fe,Si,C (hereafter labeled
SQM) together with the magnetic structure of Er,Fe,Si,C
(hereafter labeled AFMI1) at 1.5 K projected onto the a-c
plane are illustrated in Fig. 7. Despite the presence of an
incommensurate x component of the propagation vector, this
SQM structure has strong similarities with the AFM1 struc-
ture observed in Er,Fe,Si,C as is evident from Figs. 7(a)
and 7(b). If we label a pair of magnetic moments with the

) Tm,Fe,SiC ]
& 30 T=15K ]
c
>3
8 20
°
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=
®
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FIG. 6. Rietveld refinement of the neutron diffraction pattern of
Tm,Fe,Si,C at 1.5 K. The rows of Bragg markers, from top to
bottom, represent Tm,Fe,Si,C (nuclear) and Tm,Fe,Si,C magnetic
(first, third, and fifth harmonics), respectively. The difference be-
tween the experimental and calculated patterns is given by the blue
line.

“4+” configuration as A, and a pair of magnetic moments
with the “——" configuration as B (4 and — represent mag-
netic moments pointing up and down, respectively), then
the spin configuration along the a axis in the AFMI1 struc-
ture is described by the sequence of BBAABBAABBAA
[Fig. 7(a)]. The SQM structure itself can be described with the
AB|AABBAABB|AB sequence along the a axis [Fig. 7(b)],
which is derived from the AFM1 structure by introducing a
spin discommensuration or spin-slip [36,37] block with an AB
sequence in every fifth nuclear unit cell. Holmium metal is
one well-known example where the spin-slip structure occurs
[36,37]. This spin-slip block occurs and repeats almost every
five nuclear unit cells, consequently the magnetic unit cell in
the SQM structure is roughly five times larger than the nuclear
unit cell along the a axis, as compared with the initial AFM 1
structure where the magnetic unit cell is twice as large as the
nuclear unit cell along the a direction.

D. Er Mossbauer spectroscopy

166Er Mossbauer spectroscopy has been used to comple-
ment the neutron diffraction experiments on Er,Fe;Si,C. In
Fig. 8, we show the 166 Mossbauer spectrum of Er,Fe,Si,C
measured at 5 K. The spectrum is a well-resolved pentet
expected for the 2 — 0 '°Er transition, despite the fact that
the spectrum was collected slightly above Ty = 4.8(1) K. This
result, together with a broader experimental linewidth at 5 K
of 3.6(1) mm/s [as compared with the typical linewidth of
2.49(4) mm/s on the ErFe, calibration], reflects the likely
impact of slow paramagnetic relaxation of the Er magnetic
moments close to or just above the ordering temperature. The
presence of slow Er** paramagnetic relaxation is commonly
observed in Er-based compounds, and in some cases can per-
sist well above the ordering temperature (e.g., Refs. [38-40]).

The spectrum at 5 K was fitted with a single pentet
with an asymmetry parameter n = 0. The isomer shift is
—0.07(7) mm/s, a negligible isomer shift as expected for
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FIG. 7. Magnetic structures of (a) Er,Fe,Si,C and (b) Tm,Fe,Si,C at 1.5 K. The magnetic structure is projected onto the a-c plane to
better illustrate the square-wave modulation of the Tm magnetic moment along the a axis. Each block corresponds to a nuclear unit cell. The

Fe, Si, and C atoms are omitted for clarity.

a 2 — 0 rotational nuclear transition, while the quadrupole
coupling constant eQV,, is 16.0(3) mm/s, close to the free-ion
value of 16.3(7) mm/s [41]. The fitted hyperfine field at the Er
nucleus is 774(1) T. Using the moment to field conversion fac-
tor appropriate for the '°Er nucleus of 87.2 + 1.2 T/up [38],
this value converts to an Er magnetic moment of 8.8(2)up
which implies a “fully stretched” J = 1—25 ground state of the
Er** ion. This result is in excellent agreement with the refined
Er moment at 1.5 K of 8.8(3)up obtained from our neutron
diffraction experiments.
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FIG. 8. '®Er Mossbauer spectrum of Er,Fe,Si,C collected at 5 K.

E. Electronic structure calculations

An important finding from the neutron diffraction stud-
ies on the R,Fe;Si,C (R = Gd, Tb, Dy, Ho, Er, and Tm)
compounds is the variation of magnetic structure across the
series, which is particularly noticeable as we progress from
R = Ho to R = Er. The compounds with R = Gd, Tb,
Dy, and Ho order antiferromagnetically with k = [0, 0, %]
(herein labeled AFM2) with the R magnetic moments point-
ing along the b axis [13-16]. For Er,Fe,Si,C the magnetic
structure is characterized by k = [1, 1, 0] (AFMI), while
in Tm,Fe;Si,C the Tm magnetic moments form a sine-
modulated magnetic structure just below 7y which squares up
into a square-wave magnetic structure (SQM) below 7' ~ 2 K.
In these latter two cases, the R magnetic moments lie in the
a-c plane.

In order to understand the origin of this variation, we have
calculated the relative stability of the two magnetic structures
in the case of Er,Fe;Si,C using DFT simulations. Calcu-
lations were performed in a unit cell which accommodates
AFM1 and AFM2 magnetic structures. These simulations
were carried out taking into account the PBEO on-site hybrid
functional correction and spin-orbit coupling (PBEO+SO).
The present PBEO4-SO calculations also allow us to inves-
tigate the preferred R magnetic moment direction. Based on
our calculations, we conclude that the AFM1 order is more
stable than AFM2 by about 15 meV /f.u., which agrees well
with the experimental results. The main results for the most
stable magnetic order (AFM1) are summarized in Table IV.
We found that the orientation of the Er magnetic moment is
more energetically favorable along the c direction than the a
and b directions, which are 16 and 28 meV/f.u. less stable,
respectively. This result is also consistent with the findings
determined from refinement of the neutron data, in which
the Er magnetic moment lies in the a-c plane with the main
component along the ¢ direction.
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TABLE IV. Energy differences (in meV per formula unit) for
several magnetization directions of Er,Fe,Si,C in the AFM1 state.
Calculations were done using the hybrid PBEO on-site approach. For
clarity, the energy differences are given with respect to that obtained
for spins aligned along the [001] direction. The quadrupole coupling
constant (eQV.) and the spin and orbital components (fLspin and Lo,
respectively) of the Er atom are also reported for each magnetization
direction.

[100]  [010]  [001]

AE (meV/fu.) 16 28 0
| 4spin] (LB) 2.97 2.97 2.97
[or| (1B) 5.58 5.93 5.93
[ior] (LB) 8.55 8.90 8.90
eQV,, (mm/s) Q= —2.7b [42,43] 14.0 16.4 13.1
0 =-2.9b[43,44] 15.1 17.7 14.0

The magnetic moment derived for Er of 8.90u3 is in good
agreement with the refined value from neutron diffraction
experiments. The calculated spin component sy, and orbital
component [y Of the Er magnetic moment are 2.97up and
5.93 up, respectively. The derived Fe magnetic moment is
tiny (i.e., upe = 0.015u3p), showing evidence of a nonmag-
netic state for Fe atoms, in agreement with the experimen-
tal expectation. The total and projected densities of states
(pDOS), calculated within the PBE0+-SO for the AFM1 state
of Er,Fe,Si,C are shown in Fig. 9. The ground state is found
to be metallic, as expected. The 4 f states of Er, represented
in blue in Fig. 9(a), are far from the Fermi energy (Er). After
integrating the pDOS, we obtain 6.95 electrons and 3.98 elec-
trons in the up and down channels, respectively. This outcome
corresponds to 10.9 electrons in the 4 f states, thus confirming
the 3+ oxidation state of the Er atom in this intermetallic
compound. pDOS of the other elements (Fe, Si, and C) are
shown in Fig. 9(b). The density of states at Er is dominated by
the Fe(3d), orbitals which indicates that the metallic nature of
this compound is due to the itinerant electrons of Fe. It can be

seen that for the Fe, C, and Si, the up and down spin channels
of pDOS are almost symmetric, which implies a negligible or
zero magnetic moment for each of these atoms. In the case of
Fe, a weak polarization from the surrounding Er** magnetic
moment exists, which leads to a small polarized magnetic
moment at the Fe site. This result is also consistent with the
observation of line broadening in the 3’Fe Mossbauer spectra
measured below the antiferromagnetic ordering temperatures,
attributed to a small transferred magnetic hyperfine field from
the surrounding rare-earth magnetic moments [13-16]. By
comparison, the Er-Er exchange interactions do not polarize
the Si and C sites, which remain purely nonmagnetic.

In order to check the validity of our calculations, we have
estimated the electric field gradient (EFG) and the resulting
quadrupole coupling constant eQV,, for the three magnetiza-
tion directions. Two different electric quadrupole moment Q
values have been reported for the 16Er nucleus [42-44], and
are considered in our analysis. The results are presented in
Table IV with the derived eQV,, values found to range from
13 to 18 mm/s. These values are consistent with the experi-
mental value of 16 mm/s, deduced from the '®°Er Massbauer
spectrum collected at 5 K, and confirm the validity of our
PBEO+SO calculations. Moreover, the similarity between the
calculated eQV, along the b direction and the experimentally
determined eQV,, suggests that the principal z axis of the
electric field gradient is parallel to the crystal b axis, which
corresponds to the twofold symmetry axis in the monoclinic
C/2m space group.

In Fig. 10 we present a visualization of the 'Er EFG
eigenaxes of Er,Fe,Si,C, deduced from the PBEO+SO cal-
culation for three magnetization directions. Using a strategy
similar to that used in a previous study [45], we can determine
the EFG main directions by considering the nonspherical
contribution of the electronic density inside the Er sphere.
Charge depletion (excess) in the i direction corresponds to
a positive (negative) V; value, and then negative (positive)
eQV;; value (due to the negative sign of Q). For instance, with
Q= —2.9b,Vy,V,,, and V,, values are respectively 6.4 x 10!,

Density of states (arb. units)

(b)

Density of states (arb. units)

E - E¢ (eV)

E — E¢ (eV)

FIG. 9. Projected densities of states (pDOS) of the Er,Fe,Si,C compound based on the AFM1 order. The results were obtained using the
PBEO+SO in WIEN2K, with magnetization along the [001] direction. The Fermi energy Er has been defined as the reference energy and is
represented by dashed lines. (a) Total DOS and partial DOS of one erbium site (in blue). (b) pDOS for three individual Fe, Si, and C sites. In

all cases, majority and minority spin components are shown.
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(a) (b) (c)

FIG. 10. Orientation of the 'Er EFG eigenaxes of Er,Fe,Si,C
based on AFM1 order and using the PBEO functional and including
SO with magnetization direction along (a) [100], (b) [010], and
(c) [001]. Representations of the electronic densities inside the Er
sphere report the contribution to the density when only the |L| =2
(top), |L| =4 (middle), and their sum (bottom) are considered. A
light (dark) color is used for positive (negative) values.

6.6x10%!, and —13.0x10%! V m~2 when the magnetization
is along the ¢ direction. The corresponding eQV;; values are
—6.9, —7.1, and +14.0 mm/s for i = x, y, and z, respectively.
Furthermore, it can be seen in Fig. 10(c) that for Q = —2.9 b,
eQV,, is positive and oriented along the positive part of the
nonspherical density. By comparison, eQV;, and eQV,,, which
are negative, are directed along the negative part of the charge
density.

IV. DISCUSSION

The magnetic structures of the RyFe;Si,C (R = Gd-Tm)
compounds determined from neutron diffraction experiments
are summarized in Table V. The compounds with R =
Gd-Ho order antiferromagnetically with k = [0, 0, %] and
with the R magnetic moments pointing along the b axis.
For Er,Fe,Si,C, the magnetic structure is characterized by

k= [%, % 0]. In Tm;Fe,Si,C, the Tm magnetic moments
form a sine-modulated magnetic structure just below Ty,
which transforms to a square-wave magnetic structure below
T ~2K. In these latter two cases, the R magnetic moments
are in the a-c plane.

In a series of compounds where the R** ion is the only ion
bearing a magnetic moment, the observed magnetic ordering
of the system is a result of the indirect exchange interaction
(RKKY) and the influence of CFE. Therefore, such a variation
in magnetic structures for the R,Fe;Si,C series, particularly
as the rare-earth ion changes from Ho’* to Er**, is mostly
related to two mechanisms. First, as we move towards the
end of the R series, the R-R interatomic distances decrease
(i.e., the lanthanide contraction). Thus, changes in the R-R
exchange interactions are possible if the exchange couplings
in Ho,Fe,Si,C are close to zero points of the oscillatory
RKKY function. The second mechanism is the effect of
the crystal field acting on the R** ion, since the Ho>™ and
Er’** ions have opposite signs of the second-order Stevens
coefficient.

Since Ho,Fe,;Si,C and Er,Fe,;Si,C have similar inter-
atomic distances between the R** ions, we suggest that the
evolution of the magnetic structures across this series of
compounds is not the result of the RKKY exchange interac-
tion alone. Moreover, given that the change in the magnetic
propagation vector from k = [0, 0, %] (R3F =Ho*") to k =
[%, %, 0] (R3* = Er*t) is also accompanied by a change in the
direction of the R moment due to CFE, it is likely that there
is an interplay between these two variables. Such a case has
already been reported in the R,CoGag series of compounds
[46-49]. Joshi et al. [46] determined the crystal-field depen-
dence of the in-plane (Je”f ) and the out-of-plane (J;,) exchange
couplings of R,CoGag (R = Tb-Tm) from single-crystal
susceptibility measurements. In addition to the opposite signs
of the second-order B) parameter as one progresses from
R = Ho to R = Er (which reflects the change in the magnetic
anisotropy), they found that the relative strengths between
the in-plane and out-of-plane exchange couplings (defined as
A,y = JS. — J%) change from negative (as observed in R =
Tb-Ho) to positive for Er,CoGag and becomes increasingly
positive for Tm,CoGag. Consequently, the variation of the
magnetic structures observed in the R,CoGag series of com-
pounds from k; = [%, %, %] for R = Gd-Ho to k, = [0, %, 0]
for R = Er and k3 = [%, 0, %] for R = Tm was attributed to
this sign reversal of AJ,, due to CFE [48].

TABLE V. The magnetic structures of the R,Fe,;Si,C (R = Gd—Tm) compounds derived from neutron diffraction experiments. Kk is the
magnetic propagation vector and MMD represents the magnetic moment direction.

Compound k MMD Reference
Gd,Fe,Si,C (0,0, 1] b axis [14]
Tb,Fe,Si,C (0,0, 1] b axis [15]

Dy, Fe,Si,C [0, 0, %] baxis (T > T;) [16]

[0, 0, %] canted towards the a-c plane (T' < T;)

Ho,Fe,Si,C (0,0, 1] b axis [13]
Er,Fe,Si,C [%, %, 0] a-c plane present work
Tm,Fe,Si,C [0.403(1), %, 0] a-c plane present work
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FIG. 11. Local arrangement of the Tm atoms in Tm,Fe,Si,C
projected onto the a-c plane.

In order to understand why the SQM structure in
Tm;Fe,Si,C can be stabilized in the first place, we examine
the nearest-neighbor environment of the Tm atom in
Tm,Fe,Si,C shown in Fig. 11. As indicated in Fig. 11, there
are three shortest Tm-Tm separations (labeled by d;, d,, and
d3), each with a distance of less than 4 A.In Fig. 12 we show
the temperature dependence of these Tm-Tm separations as
derived from the neutron diffraction refinements.

Below Ty = 2.6(2) K, the d; separation undergoes a slight
increase which might be associated with small magnetoelastic
effects occurring below the ordering temperature as observed
in TbyFe;Si,C [15]. An interesting feature, however, is seen
with the d> and d3 separations. In the paramagnetic state
(at 10 K), the difference between the d, and d3 separations
in Tm,Fe,Si,C is ~0.05 A, while, on cooling below Ty ~
2.6 K, the d; separation decreases whereas the d, separation
increases. Below T ~ 2 K, where the squaring-up transition
occurs, these two separations merge to approximately the
same value of ~3.66 A. This feature is unique to Tm,Fe,Si,C,
and is not observed in other R,Fe;Si,C compounds (for
comparison, the difference between the d> and d5 separations
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FIG. 12. Temperature dependences of the Tm-Tm interatomic
distances di, d,, and d5 (Fig. 11) in Tm,Fe;Si,C (Ty ~ 2.6K) as
derived from the neutron diffraction refinements. Solid lines are
guides to the eyes.

in Er,Fe,Si,C is ~0.05 Aatl5 K, below its Néel temperature
of Ty ~ 4.8K).

It is known that the strength of the indirect RKKY
exchange interaction in rare-earth (R) based intermetallic
compounds is strongly related to the R-R interatomic dis-
tances. As outlined above, formation of the SQM structure
in Tm,Fe,Si,C is also accompanied by the increasing and
decreasing of the d, and d3 separations, respectively, with
the two having similar interatomic distance below 7' ~ 2 K.
These results suggest that the SQM structure can be stabilized
by the change in the relative strength of the nearest-neighbor
exchange couplings associated with these two separations
(i.e., j» and j3). The similar distances of the d, and d5 separa-
tions could therefore lead to a competing interaction between
J2 and j3 (since |j»| & |j3| in such a case). Such competition
can lead to magnetic frustration along the a axis, which in
turn may stabilize the SQM structure in Tm,Fe,Si,C. We
note that although this model can be used to explain why the
SQM structure is allowed, the fundamental reason as to why
the SQM structure is preferred over the AFM2 structure in
Tm,Fe,Si,C remains unclear.

Based on the magnetic structures observed in R,Fe,Si,C
(R = Gd, Tb, Ho, Er, and Tm) presented in Table V, it is evi-
dent that the evolution of the magnetic structures in this series
of compounds is due to the competition between the exchange
interaction and the CFE. To this end, we propose a possible
mechanism responsible for the variation of the magnetic
structures in the R,Fe,Si,C series which involves the interplay
between the exchange interaction and the influence of the CFE
as an attempt to minimize the overall magnetic energy of the
system. In particular, we suggest that when the CFE force
the R moment to align along the b axis, the system favors the
AFM2 structure, whereas when the CFE force the R moment
to order in the a-c plane, the AFM1 structure is preferred. This
is also supported by our first-principles calculations which
show that in Er,Fe,Si,C, the AFM1 structure with the Er
magnetic moment pointing along the ¢ axis is a more stable
magnetic configuration than the AFM2 structure. We also
found that the SQM structure observed in Tm,Fe,Si,C can
be derived from the AFM1 structure (observed in Er,Fe,Si,C)
by introducing a spin-slip block in every five nuclear unit cells
(Fig. 7). Therefore, the above scenario is also valid in the
case of Tm,Fe,Si,C. In order to establish this mechanism,
it would be of interest to investigate the effects of chemical
pressure on the magnetic structure of Ho,Fe;Si,C, i.e., by
partial substitution of Ho with a smaller rare-earth ion such
as Lu. If the RKKY exchange interaction is a more dominant
factor in determining the magnetic structures in the R,Fe,Si,C
compounds, we would expect that the magnetic structure
of Ho,Fe,Si,C would transform from k = [0, O, %] to k=

[%, %, 0] at a certain Lu concentration. This aspect of study
is currently under way.

V. CONCLUSIONS

We have determined the magnetic structures of Er,Fe;Si,C
and TmjFe,Si,C below the antiferromagnetic transitions.
The magnetic structure of Er,Fe,;Si;C below Ty = 4.8(2)K
is commensurate antiferromagnetic in the a-c plane with
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a propagation vector of k = [%, %,0], whereas a sine-

modulated magnetic structure is observed in Tmj,Fe,Si,C
(k = [0.403(1), %, 0]) just below Ty = 2.6(3) K. On cooling
below ~2K, this sine-modulated magnetic structure of
Tm,Fe,Si,C squares up into a square-modulated magnetic
structure with the Tm magnetic moments lying in the a-c
plane. Our DFT calculations reveal that the magnetic structure
with a propagation vector of k = [%, %, 0], and the magnetic
moment in the a-c plane is more energetically favorable in
Er,Fe;Si,C than antiferromagnetic order with k = [0, O, %]
and b-axis order. The different magnetic structures observed in
these compounds compared with other R,Fe;Si,C compounds
(R = Gd, Tb, Dy, and Ho) are mostly a consequence of the
complex interplay between the indirect exchange interaction

and crystal field effects occurring in the R,Fe,Si,C series of
compounds.
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