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Crystallographic and magnetic structures of PrgFe;3Ge have been investigated by high-resolution powder neutron

diffraction in the temperature range of 10-300 K. The magnetic structure consists of ferromagnetic PrgFe;3 slabs that

alternate antiferromagnetically, along ¢, with the next PrgFeq3 slab separated by a non-magnetic Ge layer. The magnetic

moments lie within the ab-planes. The propagation vector of this structure is k=(001) with respect to the conventional

reciprocal lattice of the I-centred structure. However, the temperature-dependence of neutron-scattering intensity of

the (110) Bragg peak, very similar to the temperature-dependent magnetization measured by SQUID magnetometer,

indicates that a small c-axis ferromagnetic component should be added to the above antiferromagnetic model.
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1. Introduction

Rare-earth-iron intermetallic compounds
R¢Fe13X (where R=light rare-earth, X=Si, Ge,
Sn, Cu, Ag, Al, Ga etc.)

the sintered Nd-Fe-B magnets as secondary phases,

have been observed in

which significantly affect the coercivity and the cor-

[1=4] They crystallize in the tetrag-

rosion protection.
onal NdgFe;3Si structure,[4] or the ordered variant 5]
LagCo;11Gas (space group: I4/mem) with a rela-
tively complex crystal structure, including two sites
R;1(8f), R2(16!) for the rare-earth, four sites Fe; (4d),
Fes(16k), Fes(16l1), Fes(16l2) for iron and a single
site 4a for the third element X. All magnetic atoms
are closely packed up/down the mirror planes (z, y, 0)
and (z, y, 1/2), separated by the non-magnetic atoms
located on the planes (z, y, 1/4) and (z, y, 3/4).
Thus a sandwich structure M/NM/M (Fig.1) is con-
structed (M: magnetic atom slab; NM: non-magnetic

atom layer).

The magnetic properties of this series have been
extensively investigated. Due to the complicated,

quasi-layered crystal structure and the difficulty to
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http://www.iop.org/journals/cp

gain a perfect single phase, the reported magnetic
behaviours, 61 even the transport properties,11:12]
are differ greatly from sample to sample. For exam-
ple, NdgFe 3Si was first reported to be an antiferro-
magnet with a Néel temperature Tx of 725 K, but
later shown to be a ferromagnet with a Curie temper-
ature Tg of 441K and a compensation temperature
of 357K;®l and recently it was shown to be an an-
tiferromagnet [7) while the considerable magnetization
below 360 K is attributed to the ‘contamination’ of a
very small amount of ferromagnetic secondary phase
NdyFeqr.

Recently, neutron diffraction (13151 showed that
the magnetic structure, similar to the one proposed
by Kajitani et al,®l can be described as below: the
moments in M slabs are strongly ferromagnetically
coupled with moments lying in the ab-plane, whereas
the slabs are antiferromagnetically coupled with the
propagation vector k=(001), as seen in Fig.1. How-
ever, this spin configuration cannot explain the fol-
lowing experimental results: (1) the presence of a
zero-field remanent magnetization;[”-16:17] (2) easy c-

axis magnetization checked by x-ray diffraction on the
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magnetically aligned Pr-based samples;'6=19] (3) nei-

ther easy-plane nor easy-axis magnetization obtained

from Mossbauer spectroscopy on the so-called easy-
[19,20]
S.

axis magnetically aligned sample

Fig.1.
Rietveld analysis.

Magnetic structure model of PrgFei3Ge for

In this paper, we report a neutron diffraction
study on the crystallographic and magnetic struc-
tures of PrgFe;3Ge in temperatures ranging from 10
to 300 K. The collinear antiferromagnetic model can
be used to refine the collected data, giving a good
agreement and a reasonable atomic moment as a func-
tion of temperature. However, an additional ferro-
magnetic component along the c-axis is needed to ex-
plain the similarity between the temperature depen-
dence of magnetization and the integrated intensity of

the (110) reflection.
2.Experiments

A sample of PrgFe;3Ge was prepared by arc melt-
ing in an atmosphere of ultra-pure argon gas. The pu-
rity of the starting elements was better than 99.9%.
The obtained alloy button was sealed in an evacuated
quartz tube and annealed at 1000 K for one month.
X-ray diffraction shows that the annealed sample
crystallizes into a tetragonal NdgFe;3Si-type struc-
ture. Neutron diffraction was carried out on a powder
sample in the temperature range of 10-300K, on a
high-resolution neutron diffractometer in HANARO

Centre, Korea Atomic Energy Research Institute.
An incident beam was monochromatized by a focus-
ing monochromator with the wavelength 0.18437 nm.
Data were collected in the range 26=0°-140° with a
step increment of 0.05°, and analysed by the Rietveld
method using the program FullProf.?!] The param-
eters of the crystal with a tetragonal NdgFe;3Si-type
structure and the model of a magnetic structure [13—15]

(Fig.1) were used as the initial input in the refinement.

3. Results

Figure 2 shows the typical neutron diffraction pat-
terns in the range of 20=0°-45° taken at temperatures
from 10-300 K. The magnetic reflections which are free
from overlapping with the nuclear reflections (except
(002) peak) are indexed. Due to the neutron optic
system (especially the focusing monochromator), the
peaks at low angles show a large asymmetry (deviating
obviously from the Gaussian profiles), especially for
the magnetic (001) reflection and the nuclear (002) re-
flection. So we cut off the data in the range of 20=0°-
10° in the Rietveld refinement. This omission would
have little affect on the crystallographic parameters.
This probably affects the accurate determination of
the magnetic moments while the reasonable moments
and their temperature dependence have been obtained
by the Rietveld refinement.

Figure 3 plots the experimental neutron counts
of some typical Bragg peaks as functions of temper-
ature. The (001) reflection, which indicates an anti-
ferromagnetic coupling propagating along the c-axis
with moments in ab-plane, is a dominant contribution
to the whole magnetic reflections. While its intensity
drops sharply with increasing temperatures, it is high
enough to consider that the magnetic transition at
482K is an antiferromagnetism—paramagnetism tran-
sition, i.e. Ty=482K. It can be found that (003) re-
flection disappears near 75K while the (205) reflec-
tion disappears near room temperature. The inten-
sity of magnetic reflections and their temperature de-
pendence are consistent with previous report, so the

[13-15] in Fig.1, is adopted

model of magnetic structure
directly. Rietveld refinements show that this spin con-
figuration is a good estimation for the collected data.
As examples, the refined diffraction patterns at 10, 100
and 300K are shown in Fig.4, and the corresponding
refined parameters are listed in Table 1. It is notewor-
thy that no secondary phase, such as 2:17-type R-Fe

compound or a-Fe,["14 was detected.
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Fig.2. Neutron diffraction pattern of PrgFejzGe in the range of 0°-40°. The observed

magnetic reflections are indicated, and the numbers in brackets are the corresponding index.

The data have been offset for clarity.
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Fig.3. The observed neutron counts for a few special
Bragg peaks as functions of temperature (the back-
ground has been eliminated). The solid lines are
guides for the eyes.

The lattice parameters a and ¢ contract linearly
with decreasing temperature with a=0.80907+3.15 X
1078 T (nm) and ¢=2.2964+ 2.72 x 1075 T (nm) un-
til the parameter ¢ has an anomalous drop near 50 K
while a has an expansion (Fig.5). This anisotropic
change of lattice parameters coincides with the drop

of magnetization at the same temperature, perhaps

resulting from the spontaneous magnetostriction.
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Fig.4. Collected (dots) and calculated (line) patterns
of the high resolution powder neutron diffraction at 10,
100 and 300 K. The differences between the observed
data and calculated values are also given.
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Table 1. Structure parameters and magnetic moments of PregFe13Ge (space group: 14/mem) derived from

the refinement of data collected at 10, 100 and 300 K, respectively. u is the moment lying in the ab plane.

Rpn, Rm are the integrated intensity reliability factors of the nuclear and magnetic reflections respectively.

Rywp, Re are the weighted pattern factor and the expected weighted pattern factor respectively.

T/K 10 100 300
Prl (8f) z 0.1099(2) 0.1101(2) 0.1100(2)
B/10~*nm? 0.0(1) 0.17(9) 0.6(1)
w/puB 2.65(5) 2.26(5) 1.01(8)
Pr2 (161) z 0.1685(3) 0.1686(3) 0.1685(4)
z 0.1910(1) 0.1906(1) 0.1905(2)
B/10~*nm? 0.17(6) 0.30(7) 0.9(1)
w/puB 2.94(3) 2.33(3) 1.06(4)
Fel (4d) B/10~*nm? 0.25(5) 0.19(5) 0.1(1)
n/uB 2.0(1) 2.1(1) 1.7(2)
Fe2 (16k) z 0.0667(2) 0.0662(2) 0.0657(2)
y 0.2083(2) 0.2079(2) 0.2077(2)
B/10~*nm? 0.24(4) 0.18(4) 0.16(4)
w/uB 2.41(5) 2.41(4) 1.79(6)
Fe3 (16l;) © 0.1788(2) 0.1788(1) 0.1790(2)
z 0.06080(7) 0.06069(7) 0.0605(1)
B/10~*nm? 0.25(4) 0.17(4) 0.15(4)
w/uB 2.36(4) 2.27(4) 1.82(86)
Fe4 (1612) © 0.3862(2) 0.3863(1) 0.3864(2)
z 0.09644(8) 0.09624(8) 0.0956(1)
B/10~*nm? 0.16(4) 0.08(3) 0.28(4)
w/uB 2.47(4) 2.37(4) 1.68(7)
Ge (4a) B/10~4nm? 0.12(9) 0.10(8) 0.30(9)
a/nm 0.80933(1) 0.80939(1) 0.81001(1)
¢/nm 2.2969(4) 2.2991(5) 2.3044(5)
R, R /% 3.49, 6.35 3.40, 7.24 4.2,13.2
Rwp, Re/% 10.2, 4.89 9.65, 5.08 10.7, 5.6
T T T T T T T T T T
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0 100 200 300 Fig.6. Moments of the magnetic atoms at different sites as
T/K functions of temperature derived from the Rietveld refinement

Fig.5. The temperature dependence of the lattice pa-

rameters a and ¢ derived from the Rietveld refinement.

under the antiferromagnetic structure are displayed in Fig.1.
Maximum error is near 10% for Fe 4d-site at 300 K, and the
minimum is less than 1% for Pr 16l-site at 10 K. Error bars

are omitted from the figure for clarity.
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Refined magnetic moments on different sites are
shown in Fig.6. At 10K, the Pr magnetic mo-
ments are Mp,(8f)=2.65 up, Mp,(161)=2.94up. They
are 17%—18% less than the theoretical magnetic mo-
ment of 3.20ug. The values of Fe atomic moments
are located in a reasonable range from Mp, (4d)
=1.99 pp, Mg, (1611)=2.36up, My, (16k)=2.41up to
Mrp.(1613)=2.47pp. With increasing temperature, all
moments have a smooth reduction, and the moments
of Pr atoms decrease more quickly than those of Fe

atoms.

4. Discussion

Of particular interest is the temperature-
dependent intensity (Fig.3(b)) of overlapped (110) and
(004) peaks. It is very similar to the temperature de-
pendence of magnetization especially at low tempera-
tures (10-100K) (in the inset of Fig.7(a)). This simi-
larity seems to indicate its magnetic origin. However,
there is no magnetic intensity for (110) and (004) re-
flections according to the above antiferromagnetic spin
configuration. So it is necessary to carefully check
the above magnetic structure model again. Since the
intensity of the (002) reflection keeps a constant in
the whole temperature range, one can reasonably con-
clude that no change will happen on the (004) peak.
Thus this experimental variation of intensity should
be attributed to magnetic scattering on (110) reflec-
tion, which naturally gives rise to a small ferromag-
netic component along the c-axis in addition to the

dominant ab-plane antiferromagnetic component.

This argument can be taken to satisfactorily ex-
plain all three contradictory experiments summarized
in the Introduction. Furthermore, it seems to be sup-
ported by the calculation of anisotropy of rare-earth
ions using the point charge model.[??] According to the
calculation, the second-order crystal field parameter
Asg of rare-earth ion is estimated to be 1070 K-ag2
for site 16/ and —283 K-a62 for site 8f in the series
of RgFe;1Gas. The competition of opposite magne-
tocrystalline anisotropy between these two different
sites consequently leads to the out-of-plane moments.
However, from the dominant strength of anisotropy
of the much lower symmetrical 16 site, one can con-
clude that the moments in PrgFe;3Ge prefer to ar-
range along the c-axis, which is against the experi-
mentally obtained small c-component. Perhaps a rel-
atively strong plane anisotropy of Fe sublattice is re-

sponsible for this discrepancy.
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Fig.7. (a) M-T curve of PrgFei3Ge measured under
the field of 0.05T by a commercial SQUID magne-
tometer MPMS-7 (10-300K) and a vibrating-sample
magnetometer (150-600K). Inset: the magnetization
(solid square) in comparison with neutron diffraction
intensity (open circle) of Bragg peaks (110) and (004).
(b) Hysteresis at 10 and 300 K. Inset: wider view of
the low field part.

We tried to determine this c-axis moment compo-
nent with the collected data, but did not succeed. The
attempted refinement just gives unphysical values for
this c-axis ferromagnetic component of all sites with
the same order of statistical errors, indicating that
this component is too small to be refined by the data
of powder neutron diffraction. In fact, this small c-
axis component was also displayed by the small zero-
field remanent moment in the magnetization loops. In
Fig.7(b), one can find that the remanent moment per
formula is 0.5up at 300K and 1.6up at 10K. They are
only 1.7%, 3.3% of the ab-plane component at the cor-
responding temperatures, with respect to a very small
angle (1°-2°) tilted out of the ab-plane.
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5. Summary

From the analysis of the data of the high-
resolution powder neutron diffraction on PrgFe;3Ge
compound without contamination of secondary
phases, the following conclusions can be summarized.

1) Derived from Rietveld refinement, a second-
order structural transition near 50 K is displayed by
an anisotropic variation of lattice parameters a and c,
with a magnetic phase transition. The magnetic cou-
pling in the magnetic PrgFe; 3 slabs is strongly ferro-
magnetic, whereas the inter-slab moments are collec-
tively coupled antiferromagnetically with propagation
vector k=(001).

2) The temperature dependence of (110) diffrac-
tion intensity shows a strong similarity compared with
the temperature-dependent magnetization, implying

that there may be a small ferromagnetic component

along the c-axis, although one cannot refine this mag-

netic component due to its low diffraction intensity.

3) In the

PrgFe;3Ge, the small c-axis ferromagnetic component

practical magnetic structure of
is combined with the dominant ab-plane interlayer an-
tiferromagnetic structure. This spin configuration can
give a self-consistent explanation to all contradictory
experimental results, and is supported by the calcula-

tion of single ion anisotropy by the point charge model.
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