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Abstract
Magnetic transitions and the magnetoresistance (MR) effect of the
HfFe6Ge6-type Y1−x Cex Mn6Sn6 (x = 0.1–0.3) compounds have been
investigated in the temperature range of 5–385 K. Y0.9Ce0.1Mn6Sn6

and Y0.825Ce0.175Mn6Sn6 show antiferromagnetism and Y0.7Ce0.3Mn6Sn6

undergoes an antiferromagnetic (AFM) to ferrimagnetic (Fi) transition
with increasing temperature. The metamagnetic transition from helical
antiferromagnetism to ferrimagnetism can be also induced by an applied
field for those compounds. The metamagnetic transition field decreases with
increasing Ce content, such as from 25 kOe for x = 0.1 to 11 kOe for x = 0.3
at 5 K. The giant MR (GMR) effect for Y1−x Cex Mn6Sn6 (x = 0.1–0.3) is
observed with metamagnetic behaviour, such as −37% at 5 K under a field
of 50 kOe for the compounds (x = 0.175 and 0.3). It is found that the
MR behaviour for Y0.7Ce0.3Mn6Sn6 in the Fi state follows the magnetic-field
power law MR ∝ −H q at a fixed temperature, and obeys the relationship
MR = −[α + β/(T + γ )] under a fixed magnetic field.

1. Introduction

Rare-earth manganese compounds of the RMn6X6 (R = rare earth, X = Sn, Ge) type have been
reported to possess a rich variety of magnetic structures and interesting magnetic properties
[1–10]. All these HfFe6Ge6-type (space group P6/mmm) RMn6X6 compounds are composed
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of R and Mn layers alternately stacked along the c axis in the sequence Mn–(R, X)–Mn–
X–X–X–Mn. The interlayer Mn–Mn coupling through the Mn–X–X–X–Mn slab is always
ferromagnetic (FM) while that through the Mn–(R, X)–Mn slab depends on the nature of the
R elements [2]. So, as naturally layered materials, RMn6X6 compounds provide an interesting
complement to studies of artificial multilayer materials. Recently, the giant magnetoresistance
(GMR) effect has been observed in derivatives of YMn6Sn6, i.e., YMn6Sn5.8Ga0.2 [3],
Y0.5Ho0.5Mn6Sn6 [4], and YMn6Sn5.9In0.1 [5]. YMn6Sn6 shows an inhomogeneous helical
antiferromagnetic (AFM) arrangement with Néel temperature TN = 333 K [6], and undergoes
a metamagnetic transition to the FM state at 20 kOe accompanied by a MR effect of −5%
under a field of 50 kOe at 5 K [3]. The helical magnetic structure and the metamagnetic
transition in YMn6Sn6 suggest that the exchange interactions between interlayers are weak
and very sensitive to the nature of the R elements [6]. In this paper, we investigate the effects
of Ce substitution for Y on the magnetic and transport properties of the Y1−x CexMn6Sn6

(x = 0.1–0.3) compounds.

2. Experiments

The Y1−x Cex Mn6Sn6 (x = 0.1–0.7) polycrystalline samples were synthesized by arc melting
the constituent elements in a highly purified Ar atmosphere, and then annealing at 730 ◦C
for ten days. X-ray diffraction (XRD) studies were carried out using a Rigaku Rint 1400
diffractometer with Cu Kα radiation at room temperature. The magnetization measurements
for free-powder samples were carried out over the temperature interval of 5–385 K using a
superconducting quantum interference device magnetometer with a maximum field of 50 kOe.
The magnetoresistance (MR) measurements were carried out using the standard four-probe dc
technique with an electric current (100 mA) parallel to the magnetic field. The samples used
for the MR measurements were square cross-section rods in dimensions of 10 × 2 × 2 mm3.

3. Results and discussion

Although the structure of CeMn6Sn6 has not so far been identified [7], the samples (x � 0.3)
display peaks characteristic of the HfFe6Ge6-type structure on their XRD patterns (see figure 1),
and Y1−x Cex Mn6Sn6 (x = 0.4–0.7) crystallize to an unknown structure or are mixtures of
multi-phases. As discussed by Venturini et al, the stability of the HeFe6Ge6-type structure for
RMn6Sn6 compounds is related to the mean ionic radius (rm) of the ions lying on the R site:
rm � 0.094 nm [8]. Assuming rY3+ = 0.0893 nm and rCe3+ = 0.1034 nm, the content of Ce
in Y1−x Cex Mn6Sn6 whose structure is HfFe6Ge6-type should obey the relationship x � 0.33.
The cell parameters of all the samples are gathered in table 1. Due to the larger ionic radius
of Ce compared with that of Y, the substitution leads to an increase of the cell parameters a
and c. However, the ratio c/a is constant for all the samples, indicating an isotropy expansion.
The Mn–Mn interatomic distance in (001) Mn planes is equal to a/2, and that between layers
is proportional to c. So the increase of the lattice constants by the substitution means the
enlargement of the Mn–Mn interatomic distances within and between the layers.

The temperature dependence of the magnetization for Y1−x Cex Mn6Sn6 (x = 0.1–0.3) at
0.1 kOe after zero-field cooling is shown in figure 2(a). The Y1−x Cex Mn6Sn6 (x � 0.175)
samples display AFM behaviour below TN, while Y0.7Ce0.3Mn6Sn6 undergoes a magnetic
transition from the AFM to the ferrimagnetic (Fi) state with increasing temperature. Since
the introduction of small quantities of Ce in the YMn6Sn6 matrix does not greatly change the
magnetic structure in the AFM state, Y1−x CexMn6Sn6 (x = 0.1–0.3) may be considered
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Figure 1. XRD patterns of Y1−x Cex Mn6Sn6 at room temperature. The asterisks indicate the peaks
of an unknown impurity phase.
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Figure 2. The temperature (T ) dependence of magnetization (M) for Y1−x Cex Mn6Sn6 at 0.1 kOe
(a), and for Y0.7Ce0.3Mn6Sn6 in various external magnetic fields (b). The inset shows the
temperature dependence of magnetization for x = 0.1 in detail.

as possessing helical antiferromagnetism. The magnetic data are listed in table 1. To
understand the effect of the external magnetic field on magnetic properties, we have measured
the temperature dependence of the magnetization for x = 0.3 in various fields (see figure 2(b)).
The strong influence of the magnetic field on magnetic properties is observed in the AFM state
between 5 and 285 K, and the temperature range of the AFM state narrows with increasing
magnetic field. The external magnetic field equal to 15 kOe can transform the sample into the
Fi state, implying a metamagnetic transition.
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Figure 3. The magnetic field dependence of magnetization for Y1−x Cex Mn6Sn6 at
various temperatures (a), (b), and (c); the thermal variation of the threshold field Hth for
Y1−x Cex Mn6Sn6 (d). The inset shows the isothermal magnetization curves at 285 K for
x = 0.1–0.3.

Table 1. Structural and magnetic data for the Y1−x Cex Mn6Sn6 compounds.

x a (nm) c (nm) c/a v (nm3) Type of magnetic ordering TC,N (K)

0 [1] 0.5512 0.8984 1.630 0.2364 AFM 333
0.1 0.5531 0.9003 1.628 0.2385 AFM 328
0.175 0.5537 0.9016 1.628 0.2394 AFM 317
0.3 0.5543 0.9022 1.628 0.2401 AFM–Fi 316

Figure 3 shows the magnetic field dependence of the magnetization at various temperatures
for the powder samples. For Y1−xCex Mn6Sn6 (x = 0.1–0.3), the magnetization is proportional
to the field in a low-field region and then shows a steep increase at a fixed temperature, indicating
a metamagnetic transition from an AFM to an Fi state. The threshold field (Hth), taken at the
maximum slope of the magnetization isotherms, decreases monotonically with increasing
temperature. This is in good agreement with the results shown in figure 2(b). As shown in
figure 3(d), Hth decreases markedly with increasing the content of Ce in Y1−x CexMn6Sn6

(x = 0.1–0.3), such as from 25 kOe for x = 0.1 to 10.9 kOe for x = 0.3 at 5 K. The
significant decrease in Hth with increasing temperature and the content of Ce indirectly reflects
the weakness of AFM characteristic for Y1−x Cex Mn6Sn6 (x = 0.1–0.3).
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Figure 4. The magnetic field dependence of MR and magnetization for Y1−x Cex Mn6Sn6 at 5 and
285 K.

For cell parameters varying slightly (by less than 0.2%) by the introduction of small
quantities of Ce, the interlayer Mn moments in Y1−x Cex Mn6Sn6 (x = 0.1–0.3) may be
considered to be the same as in YMn6Sn6, rotating with a nonconstant angle [6]. The
thermal and isothermal magnetization curves display unambiguously the AFM characteristic
of Y1−x Cex Mn6Sn6 (x � 0.175) in their whole magnetic ordering range and of x = 0.3 at
lower temperatures, in agreement with the results in the literature [8]. At higher temperatures,
for example, at 285 K, the magnetization tends to saturation up to 50 kOe and decreases
with increasing the content of Ce (see the inset of figure 3), suggesting that the magnetic
moment of Ce is antiparallel to the magnetic moment of Mn. Moreover, according to neutron
diffraction measurements on Y0.8Tb0.2Mn6Sn6, whose magnetic behaviour resembles that of
Y0.7Ce0.3Mn6Sn6, it was shown that its magnetic structure is similar to that of YMn6Sn6 in
the AFM state, and in the Fi state the magnetic moments of Mn are antiparallel to those of
Tb and the moments have a small helical components on the c plane [9]. From the high-field
studies on free powders of RMn6−x CrxSn6 (x = 0–3) in terms of the three-sublattice model,
the threshold field of the transition from an AFM or collinear Fi configuration to a canted quasi-
two-sublattice arrangement is of the order of 10 T, and the FM saturation of the compounds can
be achieved in fields higher than 100 T [10]. So, as isostructural compounds, Y1−x CexMn6Sn6

(x = 0.1–0.3) should be of the Fi configuration rather than the FM or canted two-sublattice
arrangement in the applied field range below 5 T. Summarily, it is reasonable to consider
that Y1−x CexMn6Sn6 (x � 0.175) shows the helical AFM arrangement and Y0.7Ce0.3Mn6Sn6

undergoes the AFM to Fi transition with increasing temperature, and that sufficient magnetic
field can switch the compounds from the AFM to Fi configuration. However, accurate studies
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Figure 5. The magnetic field dependence of MR and magnetization for Y0.7 Ce0.3Mn6Sn6 at various
temperatures.

on the magnetic structures of Y1−x Cex Mn6Sn6 (x = 0.1–0.3), for example neutron diffraction
and/or Mössbauer measurements, are required.

The temperature dependence of the resistance (R) for x = 0.3 was measured over the
temperature interval of 5–370 K in zero and 50 kOe field. R follows a typical metallic
behaviour. The ratio [R(H ) − R(0)]/R(0) is used to represent the MR. Figure 4 shows
the field dependences of the MR and magnetization for Y1−x Cex Mn6Sn6 (x = 0.1–0.3) at
5 and 285 K, by first increasing the magnetic field to 50 kOe and then decreasing it to zero
field. At 5 K, the sudden development of negative MR around Hth indicates that the samples
undergo a metamagnetic transition from an AFM to Fi state. The GMR effect found in
the samples might be related to spin-dependent electron scattering, as observed in artificial
magnetic multilayers [11]. This transition is accompanied by the onset of marked hysteresis
in the M–H and MR–H curves. Similar transitions in MR have earlier been observed in
SmMn2Ge2-based compounds [12]. With the higher content of Ce, the metamagnetic transition
can be achieved in the lower magnetic field in MR–H measurement, and the MR changes from
−14% at x = 0.1 to −37% at x = 0.3 at 5 K. Similar phenomena have been also observed at
285 K. It is worth noting that no field hysteresis exists in MR–H and M–H curves for x = 0.3,
which is related to Y0.7Ce0.3Mn6Sn6 going into the Fi state at 285 K. However, the MR for
x = 0.3 still remains −5.4% at 50 kOe.

To better understand the thermal and magnetic field characteristics of the MR effect for
the Y1−x Cex Mn6Sn6 (x = 0.1–0.3) series, we have measured the magnetic field dependence
of the MR and magnetization for x = 0.3 at various temperatures (see figure 5). The MR
increases as the temperature decreases due to the reduction of phonon scattering and spin-flip
scattering by magnons [13]. However, no saturation in magnetization and MR is observed up
to fields of 50 kOe.

It is well recognized that the GMR behaviour in metallic multilayers and manganese
perovskites thin films can be expressed as a power-law magnetic-field dependence, MR ∝
−H q , where q is a constant at a fixed temperature. At 285 K, the magnetic field dependence
of MR can be well scaled by the power law, and figure 6 shows a good linear relationship
between log MR∗ and log H where MR∗ = −MR. However, at other temperatures, only the
MR behaviour in the high field can be described by this relationship. For Y0.7Ce0.3Mn6Sn6,
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it possesses the Fi configuration at 285 K and then it goes into the Fi arrangement when
the external magnetic field exceeds the Hth below 285 K. So, for the Y1−x CexMn6Sn6

(x = 0.1–0.3) compounds, the magnetic-field power law is applicable only in the Fi state.
The exponent q at various temperatures is shown in the inset of figure 6, and increases slightly
with increasing temperature, indicating that q is a function of temperature.

Figure 7(a) shows the temperature dependence of MR∗ for Y0.7Ce0.3Mn6Sn6 in various
magnetic fields. The MR∗ values (symbols in figure 7(a)) are taken from the MR–
H curves in figure 5. Figure 7(b) shows the temperature dependence of the ratio of
MR(H1, T )/MR(H2, T ), where H1, H2 represent the external magnetic fields. It is found
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that the ratio MR(H1, T )/MR(H2, T ) where the magnetic fields exceed 15 kOe keeps almost
constant between 5 and 285 K, with a deviation of about ±7%. However, the curve of
MR(10 kOe)/MR(50 kOe)–T fluctuates distinctly with increasing temperature. This suggests
that the temperature dependence of MR in the Fi state can be determined totally as a field-
independent function G(T ). For the La2/3Sr1/3MnO3 polycrystalline samples, the thermal MR
behaviour at low fields obeys the relationship MR∗ = α + β/(T + γ ) [14]. The temperature
dependence of MR for x = 0.3 beyond 15 kOe can be also well scaled by the above formula.
However, the MR values at 10 kOe slightly disobey this relationship as Y0.7Ce0.3Mn6Sn6

cannot totally go into the Fi state under a field of 10 kOe between 5 and 285 K (see figure 7(a)).
The inset of figure 7(a) shows that the parameter α decreases monotonically with increasing
magnetic field whereas the parameters β and γ possess weakly magnetic field dependence. As
discussed by Hwang et al [14], this thermal MR effect for La2/3Sr1/3MnO3 is associated with
magnetic domain rotation at the grain boundaries. For Y1−x Cex Mn6Sn6 (x = 0.1–0.3), this
effect can be attributed mainly to the transition of magnetic structures by the external magnetic
field. The physical meaning of the MR effect for Y1−x CexMn6Sn6 (x = 0.1–0.3), however,
is not completely clear at present. In addition, the relation of the magnetic structure and MR
should be further studied.

4. Conclusions

In conclusion, we have examined the MR and magnetization for Y1−x Cex Mn6Sn6 (x =
0.1–0.3) between 5 and 385 K. With increasing the content of Ce, Y1−x CexMn6Sn6

(x = 0.1–0.3) show weaker AFM characteristics, and metamagnetic transitions can be
induced by applying sufficiently strong magnetic fields. The threshold fields decrease almost
monotonically with increasing temperature. Accompanying the metamagnetic transitions, the
GMR effect is observed, such as for x = 0.175, MR = −37% at 5 K and, MR = −8.4%
at 285 K under a field of 50 kOe, respectively. In the Fi state, the MR behaviour obeys the
relationship of MR(H, T ) ∝ F(H )G(T ), where F(H ) = H q and G(T ) = α + β/(T + γ ).
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