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Abstract The structural and magnetic properties of the rare earth transition metal com-
pound NdsFey4 5Cr4 5 have been investigated by variable temperature high resolution x-ray
diffraction together with DC magnetization and °’Fe Mossbauer effect measurements. The
magnetic ordering temperature has been found to be Tc = 423(5) K with spin reorientation
detected below room temperature around Ty, = 158(5) K. Rietveld refinements indicate that
Nd3Fe4 5Crs 5 crystallizes in the Nd3(Fe,Ti)29-type structure with the A2/m space group
and a substantial magneto-volume effect is detected around Tc. The Mdssbauer spectra can
be fitted well using five sub-spectra. The temperature dependence of the average hyperfine
field has been analysed in terms of different power laws of the reduced temperature. The
Debye temperature of Nd3Fej4 5Cry 5 has been determined as 6p = 400(=% 30) K from a fit
to the variable temperature isomer shift IS(T).
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Fig. 1 X-ray diffraction patterns of Nd3Fey45Crs 5 at T = 80 K, 300 K and 470 K (A = 0.7288 A). The
Rietveld refinements are shown with markers for the Nd3(Fe, Ti)y9-type structure (A2/m space group ) along
with the difference between the data and the fit

1 Introduction

Since the discovery of the rare-earth iron-rich R3(Fe,T)y9 series of compounds (R stands
for rare earth element or Y; T is a stabilizing element such as Ti, Mo, V, Cr, etc) [1],
compounds based on this series have continued to attract strong interest [2] in the search
for high performance permanent-magnet materials. The R3(Fe,T)9 compounds crystallize
in the monoclinic system of A2/m space group with two formula units per cell consist-
ing of alternate stacking tetragonal ThMnj,-type (1:12) and rhombohedral ThyZn;7-type
(2:17 R) segments [3-5]. Among them, the Sm3(Fe,Ti)2oNy [7] and Smj3(Fe,Ti)29C, [8]
compounds with strong uniaxial anisotropy and high-saturation magnetization were consid-
ered as potential candidates for applications as permanent magnets. Moreover, it was also
found that Gd3(Fej_,Coy)29-yCrycompounds possess easy-axis-type anisotropy at room
temperature for x > 0.4 [9, 10].

A large spontaneous magnetostriction and Invar-like behavior in the thermal expansion
coefficient have been observed in the vicinity of Tc in these R3(Fe,T)9 series [11-13] The
thermal expansion anomaly observed below the ordering temperature was proposed to be a
result of the strong dependence of the magnetic interactions with the interatomic distances
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Fig. 2 The temperature dependence of the magnetization of Nd3Fej4 5Cr4 5 as measured in a field of H =
100 Oe. The spin reorientation and Curie temperatures are derived as T, = 158(5) K and T¢c = 423(5) K
respectively

associated with a competition of interactions of opposite sign - positive for ferromagnetic
and negative for antiferromagnetic).

In the present work we focus on the crystal structure and magnetic properties of
NdsFey4 5Cry 5 using variable temperature high resolution x-ray diffraction at the Australian
Synchrotron together with DC magnetization and 3’Fe Mossbauer effect measurements.
The NdsFey4 5Crs 5 sample has been investigated over the temperature range ~5 — 650 K.

2 Experiments

The Nd3Fej4 5Crs 5 sample was prepared by argon arc melting the constituent elements
of purity ~99.9 % followed by annealing in a sealed quartz tube under a protective argon
atmosphere at 980 °C for three days. The crystal structure of the sample was checked by
high intensity x-ray powder diffraction (A = 0.7288 A; 80 — 470 K) at the Australian
Synchrotron. The magnetization was measured in a magnetic field of 0.01 T over the
temperature range from 5 K to 650 K using the vibrating sample magnetometer option
of a Quantum Design 14 T physical properties measurement system (PPMS). The >’Fe
Mossbauer spectra were obtained between 5 K and 300 K using a standard constant
acceleration spectrometer and a >’ CoRh source. The spectrometer was calibrated at room
temperature with an «-iron foil.

3 Results and discussion

The x-ray diffraction patterns of Nd3Feo4 5Crs 5 at T = 80 K, 300 K and 470 K collected at
the Australian Synchrotron are shown in Fig. 1a as typical examples. Rietveld refinements
indicate that Nd3Feys 5Cry 5 crystallizes in the Ndsz(Fe,Ti)o-type structure with the A2/m
space group as expected, and that no structural change occurs with variation in temperature
from 80 K to 470 K. The lattice parameters at 300 K are derived to be a = 10.596(2) A;
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Fig.3 Temperature dependences of the Nd3Fe4 5Cr4 5 lattice parameters a, b, ¢, 8, and V. The solid curves
are guides to the eye while the dashed line in the graph of unit cell volume versus temperature represents the
calculated lattice contribution using the Debye model as discussed in the text. The arrows indicate the Curie
temperature Tc and spin reorientation temperature Ty,

b =8.552(1) A; c = 9.711(2) A; B = 96.87(1); V = 873.76(5) A3, which are very close
to the values reported by Han et al. [14] (where a = 10.615 A:b=8.3556A;c=9.714 A;
B = 96.9°). The pattern factor Ry, the weighted pattern factor Ry, and the expected pattern
factor Rexp are 4.99, 6.98 and 2.89, respectively. The bond lengths between different sites
and the Wigner—Seitz cell (WSC) volume have been calculated with the BLOKJE program
[15] using the structural and positional parameters and the 12-coordinate metallic radii of
1.82 A, 1.26 A and 1.3 A for Nd, Fe and Cr, respectively (see Table 1). It can be seen
that the minimum Fe—Fe bond length spanan interval from 2.258 A to 2.484 A. It is well
accepted that for Fe-rich rare-earth compounds Fe moments with short bonds (< 2.45 A [16,
17]) are antiferromagnetically coupled while those with long bonds are ferromagnetically
coupled. It is reasonable to conclude that two types of Fe-Fe exchange interaction co-exist
in NdszFey4 5Crys 5 - positive (ferromagnetic) and negative (antiferromagnetic) - similar to
both RyFe;7- based [18] and R(Fe,T)1,-based [19, 20] compounds. As such, this provides
scope for further increases in their Curie temperatures by modifying the bond distances.
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Fig. 4 Mossbauer spectra of NdzFeos 5Cry 5 at the temperatures indicated. The spectra were fitted using five
sub-spectral components as described in the text and shown in the figure

The temperature dependence of the Nd3Fe,4 5sCrs 5 magnetization as measured in a field
of 100 Oe is shown in Fig. 2. The spin reorientation temperature and Curie temperature
are found to be Ts, = 158(5) K and Tc = 423(5) K, similar to the transition temperatures
reported previously [14].

The temperature dependences of the a, b and c lattice parameters derived from Rietveld
refinements are drawn in Fig. 3. The lattice parameter cis found to remain essentially invari-
ant with increasing temperature up to around T, before exhibiting an unusual broad peak
centred around 300 K, between Ty, and Tc. The c lattice parameter exhibits a minimum
value at Tc before increasing monotonically with further increase in temperature. On the
other hand, the a and b lattice parameters decrease monotonically with decreasing tempera-
ture but both show distinct bend-like deviations around T¢ (Fig. 3). These variations of the
a, b and c lattice parameters with temperature are very similar to the behaviours observed in
NdsFey6 5Res 5 compound [12] where there also exists a strong magneto-structural coupling
in all directions.

In order to isolate the magnetic contribution to the thermal expansion, the lattice thermal
contribution has been calculated using the Griineisen relation [18-20]. This is demonstrated
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Fig. 5 The temperature dependences of: (a) the magnetic hyperfine field By; and (b) the average isomer
shift §. The dashed line through the average isomer shift values represents the calculated result using Debye
temperature fp = 400 K

by the temperature dependence of the unit cell volume curve of Fig. 3 where the calculated
thermal expansion based on the Debye model (with Debye temperature 6p = 400(30) K;
see below) is shown by the dashed line. At 80 K, the spontaneous volume magnetostriction
 has been estimated to be 9.86 x 1073, which is close to the values detected in Dy,Fe7
[18] (~12 x 1073 at 130 K) and YFe;;Ti [19, 20] (~7.8 x 103 at 80 K). It is well accepted
that the close relation between magnetic and lattice effects in Fe-rich rare earth compounds
and strong magnetovolume effects can be understood within the classical model of itinerant
ferromagnetism in which the magnetovolume effect is related to the gradient of the density
of states (DOS) at the Fermi level, Er If Er lies in an energy region with a steep slope of the
DOS curve, small changes in the position of Er could induce large changes in the magnetic
moment [19, 20].

Figure 4 shows a series of STFe Mdssbauer spectra of Nd3Fey4 5Crs 5 and their sub-
spectral components sat selected temperatures. Due to the fact that the Nd3Feys 5Cry 5
compound has a rather complex structure which contains eleven inequivalent Fe sites [2—
6], in order to reduce the number of fitting parameters and also reproduce the main features
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of the spectra, we use five sextets to fit the Mssbauer spectra as suggested previously [21,
22]. The temperature dependences of the fitted Mossbauer spectral parameters are shown in
Fig. 5. The average isomer shift follows behaviour typical of the second order Doppler shift.
The dashed line through the average isomer shift values in Fig. 5b represents the calculated
result based on a Debye model using Debye temperature p = 400(30) K. The average
hyperfine field as a function of temperature can be fitted well with the power law as:

Biue(T) = 20.8(144.9x 1075T3/2:9.3%x107°T2+1.95x 10~ 7T5/2).

This indicates that the excitation of spin waves (the T3/2 and T5/2 terms) [23] domi-
nates the decrease in magnetization with temperature while the contribution from Stoner
single-particle excitations (the T2 term) [24, 25] is also present. This behaviour is different
compared with the case reported in R(Fe,T){2 [26] and RoFe7 [18-24]. In these compounds
it was found that the weighted average hyperfine field values follow a 72 dependence;
this suggests that a single particle excitation mechanism is responsible for reduction of the
3d-sublattice magnetization with increasing temperature.

4 Conclusions

Rietveld refinement of the x-ray diffraction data for the Nd3Fe,4 5Crsq 5 compound reveals
that the Cr atoms have a strong preference to occupy the three dumb-bell 4g, 4i3, and 4i4
sites. A pronounced positive spontaneous volume magnetostriction has been observed below
the Curie temperature Tc = 423(5) K, and the magnetism has a significant effect on the
lattice parameters a, b, ¢, and 8. The temperature dependence of the average hyperfine field
has been analyzed in terms of different power laws of the reduced temperature.
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