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X-ray powder diffraction, resistivity and magnetization studies have been performed on polycrystalline

Nd(FezMnj_z)2Sia (0 < 2 < 1) compounds which crystallize in a ThCraSiz-type structure with the space group

I4/mmm. The field-cooled temperature dependence of the magnetization curves shows that, at low temperatures,

NdFesSiy is antiferromagnetic, while the other compounds show ferromagnetic behaviour. The substitution of Fe for

Mn leads to a decrease in lattice parameters a, ¢ and unit-cell volume V. The Curie temperature of the compounds

first increases, reaches a maximum around x = 0.7, then decreases with Fe content. However, the saturation mag-

netization decreases monotonically with increasing Fe content.

This Fe concentration dependent magnetization of

Nd(FezMnj_4)2Sia compounds can be well explained by taking into account the complex effect on magnetic properties

due to the substitution of Mn by Fe. The temperature’s square dependence on electrical resistivity indicates that the

curve of Nd(Feg.6Mng.4)2Si2 has a quasi-linear character above its Curie temperature, which is typical of simple metals.
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1. Introduction

Much attention has been focused on ternary
RT5My compounds (R = rare earth, T' = 3d tran-
sition metal, M = Si or Ge) due to their unique phys-
ical properties, such as superconductivity and heavy
fermion behaviour.l! Most of these compounds crys-
tallize in a body-centred tetragonal ThCrySis-type
structure with the space group I4/mmm. In each
unit cell, there are 10 atoms, i.e. Z = 2. The
ThCraSia-type compound has a layered structure with
. R—M-T,—-M—-R—-—M-—-T,—M—R ...planes
(the so-called ‘BaAly’ slab) stacked along the c-axis.
Their atomic positions are as follows: R at 2a (0, 0,
0), T at 4d (0, 1/2, 1/4) and M at 4e (0, 0, z) with
z always close to 0.37. Consequently, the distances
between the atoms mainly depend on the a- and c-
parameters,?! which is favourable for analysis of the
magnetic properties of these compounds based on the
T-T distance.

According to the previous neutron diffraction in-
vestigation, the magnetic structure of NdFesSiy con-
sists of ferromagnetic sheets perpendicular to ¢ with
the magnetic axis along c. These sheets are stacked

according to the sequence ++——, yielding doubling of
the ¢ axis. The Néel temperature, Ty ~ 15.6 K, was
determined from the intensity—temperature curve of
the strongest superlattice line.[®! Single crystal experi-
ments performed by Sechovsky et all* showed that the
NdFe,Si; were antiferromagnetic alloys ordered below
the Néel temperature Ty = 13.7 K and had a uniaxial
magnetocrystalline anisotropy with the easy magneti-
zation direction along the c-axis. It is notable that the
Fe atom is nonmagnetic in RFes X5 compounds. Even
doped into the magnetic compound RMns X5, Fe still
behaves as a nonmagnetic element.!”!

The RMny X5 compounds form a distinct group,
unlike other transition metals, since the mag-
netic coupling of the Mn sublattice is much more
complicated.[!! The Mn-Mn exchange interaction is
very sensitive to the intralayer Mn-Mn distance
(d}1n_mn)- It has been reported that if dfy, v, >
2.87 A (a ~ 4.06 A), the Mn moments are canted. The
intralayer (in-plane) Mn—Mn coupling is antiferromag-
netic, while the interlayer (along the ¢ axis) Mn-Mn
coupling is ferromagnetic. When 2.84 < dy;,_ym <
2.87 A (~4.02 < a <~ 4.06 A), the Mn moments are
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also canted, but both the intralayer and interlayer cou-
plings are antiferromagnetic. For dy, _,p, < 2.84 A
(a < 4.02 A), the Mn sublattice is collinear ferromag-
netic (light rare earth compound) or antiferromagnetic
(heavy rare earth compound) along the c-axis.[6=19]
As for the NdMnsSis compound, the Nd sublattice
is ferromagnetic and the Mn sublattice is canted fer-
romagnetic along the c-axis at low temperature, and
the NdMnsSis compound is also ferromagnetic below
its Curie temperature T¢ = 34 K due to the ferro-
magnetic coupling of the two sublattices. Above T,
the Mn sublattice is collinear antiferromagnetic and
the Nd sublattice becomes disordered, leading to the
antiferromagnetic behaviour of the NdMnsSis com-
pound. As the temperature increases, the NdMnsSiy
compound shows paramagnetic above its Neel temper-
ature Ty = 382 K.[16:17] The NdFe,Si, and NdMn,Si,
compounds show interesting magnetic properties and

(18,191 Tny this paper,

exotic magnetic phase transitions.
we present the influence of substitution of Fe for Mn
on the crystal structure and magnetic properties of

Nd(Fe,Mn;_,)2Sis (0 < z < 1) compounds.

2. Experimental

The Nd(Fe,Mn;_,)2Sis samples with 0 < 2 <1
(interval 0.1) were prepared by arc melting on a water-
cooled copper crucible with a non-consumable tung-
sten electrode under a high purity argon atmosphere.
The purity of the elements was 99.98% for Mn and Fe,
99.9% for Nd, and 99.99% for Si. The mass loss of Mn
during the melting was compensated by adding 10%
excess Mn. The ingots were turned over and re-melted
several times in order to achieve complete fusion and
good homogeneity. Subsequently the sample was an-
nealed in an evacuated quartz tube at 900°C for 2
weeks.

The x-ray powder diffraction (XRD) patterns
of the compounds were collected at room tempera-
ture using a Rigaku D/Max 2500 diffractometer with
CuKa radiation and graphite monochromator oper-
ated at 44 kV and 250 mA. The scan range was from
10° to 110° (26) with a step size of 0.02° and a sam-
pling time of 1 s. XRD profile fitting was performed
using the DBWS9807al? program. The temperature
dependence of the magnetization (M) of the samples
was measured on a superconducting quantum inter-
ference device (SQUID) magnetometer at a low field
(500 Oe, 1 Oe = 79.5775 A/m) in the temperature

range from 5 K to 300 K. The field-dependent magne-
tization and hysteresis loop were measured at 5 K in
fields up to 50 kOe. The electrical resistivity was mea-
sured in the temperature range from 5 to 300 K by a
standard four-probe method with a voltage resolution
of 10=7 V and a current of 18 mA.

3. Results and discussion

The XRD patterns in Fig.l1 show that single
phase Nd(Fe,Mn;_,)2Sis samples with a ThCraSis-
type structure have been synthesized. With the in-
crease of the Fe content, the Bragg reflection of the
XRD pattern shifts towards higher angles. This indi-
cates that the lattice constants decrease with Fe con-
centration since the atomic radius of Fe is smaller than
that of Mn. All the XRD data have been analysed by
the Rietveld refinement program DBWS9807a.2%) The
observed, calculated and residuals of the XRD pattern
of Nd(Fe,;Mnj_,)2Sis (z = 0.5) are shown in Fig.2 as

an example.
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Fig.1. XRD patterns of Nd(FezMnj_,)2Sia samples.
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Fig.2. The observed, calculated and residuals of the XRD
of Nd(FezMni_,)2Si2 (x = 0.5). The circles and contin-
uous lines correspond to the experimental and calculated
patterns respectively. The bottom curve depicts the differ-
ence between the experimental and calculated intensities.
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As shown in Table 1 and Fig.3, both the lattice

parameter and unit cell volume decrease almost lin-

early with increasing Fe concentration, but the atomic
parameter Zg; is almost constant (0.373 + 0.003) for

all compounds, which is very close to the ideal inter-
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layer distance (Zs; = 3/8) for this type of structure.
The calculated intralayer Mn—Mn distance dyin—nvn 0of
Nd(Fe,Mn; _,)2Siy decreases from 2.8361 for x = 0
to 2.8197 A for z = 0.9 and the Fe-Fe distance is
2.8180 A for z = 1.0.
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Fig.3. The lattice constants a and ¢, unit cell V, and the a/c ratio of Nd(Fe,Mnj_,)2Si2 as a function of Fe

content x.

Table 1. The structural parameters derived from Rietveld refinements of the XRD patterns of

Nd(FezMnj_4)2Sia compounds.

z a/A c/A V /A3 c/a dMin—Mn/A Rp% Rwp/% Z(Si site)
4.0102(0) 10.563(6) 169.88(0) 2.634 2.8361 11.43 15.05 0.373
0.1 4.0064(0)  10.521(2)  168.88(2)  2.626 2.8334 10.64 13.78 0.374
0.2 4.0027(1)  10.487(2)  168.02(1)  2.620 2.8308 12.86 16.31 0.376
0.3 4.0003(2) 10.446(4) 167.17(5) 2.611 2.8291 12.11 15.61 0.375
04 3.9976(2)  10.395(2)  166.12(0)  2.600 2.8272 11.82 15.23 0.374
0.5  3.9958(4)  10.328(4)  164.91(1)  2.585 2.8259 12.34 15.57 0.371
0.6 3.9930(3)  10.275(2)  163.82(4)  2.573 2.8239 12.28 15.51 0.372
0.7 3.9913(2) 10.212(4) 162.69(4) 2.559 2.8227 11.95 15.34 0.374
0.8 3.9887(1) 10.139(6) 161.32(0) 2.542 2.8209 10.78 13.83 0.373
0.9  3.9870(4)  10.063(2)  159.96(3)  2.524 2.8197 11.54 15.21 0.375
1.0 3.9846(2) 10.025(2) 159.17(2) 2.516 2.8180 12.01 15.27 0.373

The field-cooled (FC)

well with the literature,[!l while the other compounds show ferromagnetic behaviour at low temperatures. The

M (T) curves of the samples with = 1, 0.9, 0.7, 0.6, 0.5 and 0.3, collected in a field
of 500 Oe, are shown in Fig.4. At low temperatures, NdFe,Sis is antiferromagnetic with Ty = 13.6 K, agreeing
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Curie temperatures T¢ of these compounds have been
determined by plotting the M2-T curves and extrap-
olating M? to zero, and are 19.3, 26.7, 41.8, 45.9, and
24.7 K for z = 0.3, 0.5, 0.6, 0.7, and 0.9, respectively.
The dependence of T on the Fe content is illustrated
in the inset of Fig.4. On the one hand, the substi-
tution of Fe for Mn results in an enhancement of the
Mn—Mn exchange interaction due to the decrease of
the Mn—Mn distance. Therefore, the Curie tempera-
ture first increases with the Fe content. On the other
hand, as mentioned above, Fe behaves as a nonmag-
netic element in the RFey Xo compounds.[s] With the
further increase of the Fe content, the Curie temper-
ature decreases due to the magnetic dilution effect of
Fe. Therefore, the competition between the enhance-
ment of the Mn—Mn exchange interaction and mag-
netic dilution effect causes the Curie temperature to
increase initially, and reach a maximum at x = 0.7,

then decrease with Fe content.
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Fig.4. Temperature dependence of the magnetization of
Nd(FezMnj_4)2Siz with z =1, 0.9 0.7, 0.6, 0.5 and 0.3 in
a field of 500 Oe. Inset shows the dependence of the Curie
temperature on the Fe concentration (solid circles), and
the open circle denotes the Neel temperature for z = 1.0.

Magnetization versus applied field (M—H) curves,
recorded at 5 K in fields up to 5 T, are shown in Fig.5.
The M—H curves show a curvature at low fields, which
is characteristic of a ferromagnetic domain effect. The
saturation magnetization Mg at 5 K is derived from
the M versus 1/H plots by extrapolating 1/H to zero
according to the law of approach to saturation. As
shown in the inset of Fig.5, the saturation magnetiza-
tion Mg decreases with increasing Fe content due to
the magnetic dilution effect of the nonmagnetic Fe.

Figure 6 shows the hysteresis loop measured
at 5 K for Nd(FepgMng.4)2Sie, which clearly indi-
cates the ferromagnetic feature of the compound.

The remanence ratio (M,/M;) at 5 K is found to
be ~66% and the intrinsic coercivity is as large as
15.1 kOe, which indicates the hard magnetic feature
of Nd(Feo,GMHOA)QSiQ at b K.
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Fig.5. Magnetization curves of the Nd(FeyMni_z)2Sia
with z = 1, 0.9 0.7, 0.5 and 0.3 at 5 K. Inset shows the

dependence of the saturation magnetization on the Fe con-

centration.
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Fig.6. Hysteresis loop of Nd(Fep.6Mng.4)2Si2 at 5 K.

The temperature’s square (7?) dependence on the
electrical resistivity p(T") of Nd(Fep gMng 4)2Sis in the
5-300 K temperature range is shown in Fig.7. The dis-
tinct kink at T'= 23.2 K agrees well with the Curie
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Fig.7. The temperature’s square dependence on the elec-

trical resistivity p(T") of Nd(Feg.6Mng.4)2Si2 in the tem-

perature range of 5-300 K.
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temperature of Nd(Feg ¢Mng 4)2Sis. The quasi-linear
character of the p(T') curve above the ordering tem-
perature reflects the fact that the compound is typical
of simple metals.

4. Conclusions

All Nd(Fe,Mn;_,)2Sis compounds crystallize in
a ThCrySis-type structure with the space group
I4/mmm. The magnetic properties of polycrystalline
samples have been studied by the field and temper-
ature dependence of magnetization. The field-cooled
(FC) M(T) curves show that the studied compounds

have ferromagnetic order. The Curie temperature in-
creases with Fe content up to x = 0.7 then decreases,
while the saturation magnetization decreases mono-
tonically with increasing Fe content. The Fe concen-
tration dependence on the magnetic properties of the
Nd(Fe,Mn; _,)2Sis compounds is explained based on
the enhancement of the Mn—Mn exchange interaction
due to the decrease of the Mn—Mn distance and the
magnetic dilution effect of the nonmagnetic Fe. T2
dependence on electrical resistivity indicates that the
compound is typical of simple metals above its order-

ing temperature.
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