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Abstract

RyFe, sC (R, rare earth metal) compounds are considered as new permanent magnetic
materials of technical interest. Investigations of the compound Tm,Fe,,C by means of
X-ray and neutron diffraction as well as by metallographic techniques were carried out.
Tm,Fe, ,C crystallizes in the tetragonal space group P4, /mnm and is isotypic to Nd,Fe,,B.
The lattice constants are a=8.7304(2) A and ¢=11.7640(4) A at 295 K. The nuclear
and magnetic structure of Tm,Fe, ,C has been investigated by means of neutron diffraction
at 650 K (above the Curie temperature T¢), 400 K (above the spin reorientation temperature
Tsr and below T¢), room temperature and 10 K. The magnetic moments of all Tm and
Fe atoms are always oriented collinear and antiparallel. Measurement of the magnetization
curve by means of neutron diffraction yields a Tsyz of 308 K, where the magnetization
direction changes from parallel to the ¢ axis above Tg; to perpendicular to the ¢ axis
below Tgi. The nuclear structure of Tm,Fe,,C, (ThyNi,; structure type) has been refined
simultaneously since this phase was also present in the sample.

1. Introduction

A promising group of permanent magnetic materials, R,Fe;,B (R =rare
earth metal), was discovered in 1984 [1]. The magnetic and structural
properties of these ternary compounds are reviewed in ref. 2. Substituting
boron by carbon led to another promising group of permanent magnetic
materials, the isotypic compounds R,Fe ,C [3-7]. Their Curie temperatures
are slightly lower than those of the corresponding R,Fe,;(B systems (e.g.
535 K for Nd,Fe,;,C [8] compared with 585 K for Nd,Fe,; B [2]). However,
the R,Fe,;,C compounds have the advantage of the presence of a solid state
transformation at high temperatures which can be used to obtain high coercivity
bulk material without the necessity of employing the powder metallurgical
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route [2]. We have studied the magnetic structure of the compounds Lu,Fe,,C,
Th,Fe,,C and Ho,Fe,,C. All three compounds show a magnetization direction
parallel to the ¢ axis [9-11]. Different authors have studied the magnetic
structure of R,Fe,;,C for R=Ce, Nd, Gd, Dy, Er and Lu [8, 12-16].

The aim of the present work is to study the magnetic structure of a
compound with a predicted spin reorientation where the easy magnetization
direction changes from perpendicular to the ¢ axis below T to parallel to
the ¢ axis above Tgi. The Curie temperature T¢ is comparable with that of
the LuyFe,,C compound. Bulk magnetization measurements showed that Ty
is 312 K [17] and that T is located between 495 and 500 K [7, 18].

2. Experimental details

The TmyFe,;,C compound was prepared by arc melting from starting
materials of at least 99.9% purity. Afterwards the sample was wrapped in
tantalum foil and sealed in an evacuated quartz tube. Vacuum annealing was
performed subsequently for 6 weeks at 900 °C. The microstructure of the
annealed sample was studied by standard metallographic techniques. Mi-
crohardness measurements have been carried out to prove homogeneity.

X-ray powder photographs were obtained using a Guinier focusing camera
(Jagodzinski type, Fe Kea radiation) with silicon as internal standard. The
intensities were measured by means of an automatic Guinier film scanner.

Neutron diffraction measurements were carried out at high temperature
(650 K) above T¢, between T and the spin reorientation temperature Tgy
(400 K), at room temperature (295 K) and at low temperature (10 K). The
measurements were performed on the multidetector powder diffractometer

Fig. 1. Micrograph of Tm,Fe,,C sample. The sample was polished with diamond particles (size
less than 1 um) and subsequently electropolished in an ethanol-glycerin—HCIO électrolyte.
The two main phases are assumed to be TmyFe;,C and Tm,Fe,,C, while the aggregations of
small grains are assumed to be free iron.
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TABLE 1

Change in the lattice constants of Tm,Fe ,C and Tm,Fe,;C, with increasing temperature from
10 to 295 K and from 400 to 650 K determined by neutron diffraction measurements under
identical experimental conditions

Temperature Tm,Fe, ,C TmgFe,,C,
increase (K)
Aa (A) Ac (&) Aa Q) Ac (A)
10-295 —-0.0012(5) 0.016(1) 0.013(1) —0.008(1)
400-650 —0.0078(4) 0.002(1) 0.004(2) —0.003(1)

TABLE 2

Structural parameters of TmyFe;,C and Tm,Fe,;C, at 650 K. The standard deviations of the
lattice constants do not include errors from the neutron wavelength, AA/A

Atom Site Parameter

x Y 2
Tm(1) 4f 0.2621(9) 0.2621(9) 0.000
Tm(2) 4g 0.1406(10) 0.8594(10) 0.000
Fe(1) 16k 0.2268(5) 0.5628(5) 0.1213(3)
Fe(2) 16k 0.0354(4) 0.3559(5) 0.1746(4)
Fe(3) 8j 0.0959(5) 0.0959(5) 0.2022(4)
Fe(4) 8j 0.3178(4) 0.3178(4) 0.2456(5)
Fe(5) 4e 0.000 0.000 0.6096(7)
Fe(6) 4c 0.000 0.500 0.000
C 4g 0.3675(11) 0.6325(11) 0.000
Results of refinement of second phase Tm,Fe,,;C,
Tm(1) 2b 0.000 0.000 0.250
Tm(2) 2d 0.333 0.667 0.750
Fe(1) 4f 0.333 0.667 0.107(1)
Fe(2) 6g 0.500 0.000 0.000
Fe(3) 12j 0.330(1) 0.956(1) 0.250
Fe(4) 12k 0.166(1) 0.332(1) 0.983(1)
C 6h 0.840(4) 0.681(8) 0.250
Bra=0.99(10) A? By, =0.72(1) A2 B;=2.09(24) A?
TmyFe,,C: a,b=8.7224(3) A c=11.7725(6) &
Tm,Fe,,C,: a,b=8.527(1) A c=8.345(1) A
Occupation (C in Tm,yFe,,C,): 38(3)% Others: 100%
Rnudw = 5.8% Rproﬂle =8.4% Rexpected =4.6%

DMC [19] at the 10 MW reactor Saphir (PSI) with neutrons of wavelength
A=1.701(2) and 1.706(2) A. The magnetization curve was measured on the

two-axis diffractometer at the reactor Saphir using neutrons of wavelength
A=2.337(2) A.
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TABLE 3

Structural and magnetic parameters of Tm,Fe,,C and Tm,Fe,;C, at 400 K (magnetic moments
of TmyFe,,C are fixed parallel to the ¢ axis, magnetic moments of Tm,Fe,;,C, perpendicular
to the ¢ axis). The standard deviations of the lattice constants do not include errors from the

neutron wavelength, AA/A

Atom Site Parameter © (ug)
x Y z
Tm(1) 4f 0.2590(9) 0.2590(9) 0.000 0.3(2)
Tm(2) 4g 0.1404(9) 0.8596(9) 0.000 -0.1(2)
Fe(1) 16k 0.2252(4) 0.5632(4) 0.1214(3) 2.2(2)
Fe(2) 16k 0.0362(4) 0.3559(4) 0.1754(3) 2.1(2)
Fe(3) 8j 0.0953(4) 0.0953(4) 0.2033(4) 1.4(2)
Fe(4) 8j 0.3160(4) 0.3160(4) 0.2450(4) 2.9(2)
Fe(5) 4e 0.000 0.000 0.6101(6) 2.6(2)
Fe(6) 4c 0.000 0.500 0.000 2.2(3)
C 4g 0.3688(9) 0.6312(9) 0.000 0.0
Results of refinement of second phase TmgFe,;C,
Tm(1) 2b 0.000 0.000 0.250 0.0
Tm(2) 2d 0.333 0.667 0.750 0.0
Fe(1) 4f 0.333 0.667 0.107(1) 2.5(2)
Fe(2) 6g 0.500 0.000 0.000 2.5(2)
F(3) 12§ 0.329(1) 0.957(1) 0.250 2.5(2)
Fe(4) 12k 0.166(1) 0.332(1) 0.984(1) 2.5(2)
C 6h 0.845(3) 0.690(5) 0.250 0.0
By, =0.72(10) A2 Bg,=0.52(2) A2 B;=0.73(18) A2
Tm,Fe,,C: a,b=8.7302(3) A ¢=11.7703(5) A
TmgFe;;C,: a,b=8.5223(8) A ¢c=8.3476(6) A
Occupation (C in TmgFe;;C,): 38% Others: 100%
Rictenr =4.7% Rpgnetne=T.1% Ryomte=7.1%  Reypecrea=3-8%
3. Results

3.1. Metallographic differential thermal analysis (DTA) and X-ray
resulls

Figure 1 shows a micrograph of the Tm,Fe,,C sample. Aggregations of
small grains are visible in the matrix of the two main phases. These areas
are assumed to be free iron whereas the two main phases are assumed to
be Tmy,Fe;,C and TmyFe;;C,. The microhardness measurements show that
the sample is homogeneous. The distribution of the different phases is too
fine (see micrograph of Fig. 1) to act as inhomogeneities for these mea-
surements. The average value of 10 microhardness measurements amounts
to 865(30) HV. DTA was performed at a heating rate of 10 K min~!. It
yields a single endothermic effect; therefore the values of T¢ for Tm,Fe,;;C,
and TmyFe,;,C are assumed to be close together at 515 K. The X-ray data
show that TmyFe;,C crystallizes in the tetragonal space group P4,/mnm
(No. 136) with 68 atoms per unit cell and that the sample also contains a
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TABLE 4

Structural and magnetic parameters of Tm,Fe,,C and Tm,Fe,;C, at 295 K (all magnetic moments
are fixed perpendicular to the ¢ axis). The standard deviations of the lattice constants do not
include errors from the neutron wavelength, AA/A

Atom Site Parameter u (ug)
x Yy 2
Tm(1) af 0.2624(10) 0.2624(10) 0.000 -2.9(2)
Tm(2) 4g 0.1409(10) 0.8591(10) 0.000 -2.712)
Fe(1) 16k 0.2267(5) 0.5638(5) 0.1201(4) 1.5(2)
Fe(2) 16k 0.0354(4) 0.3552(5) 0.1757(4) 1.9(1)
Fe(3) 8j 0.0963(5) 0.0963(5) 0.2030(4) 1.0(2)
Fe(4) 8j 0.3157(4) 0.3157(4) 0.2447(4) 2.0(1)
Fe(5) 4e 0.000 0.000 0.6098(7) 0.8(3)
Fe(6) 4c 0.000 0.500 0.000 1.6(2)
C 4g 0.3725(10) 0.6275(10) 0.000 0.0
Results of refinement of second phase TmyFe,;C,
Tm(1) 2b 0.000 0.000 0.250 0.0
Tm(2) 2d 0.333 0.667 0.750 0.0
Fe(1) 4f 0.333 0.667 0.109(1) 2.9(3)
Fe(2) 6g 0.500 0.000 0.000 3.0(4)
Fe(3) 12j 0.329(1) 0.958(1) 0.250 2.7(2)
Fe(4) 12k 0.165(1) 0.331(1) 0.985(1) 3.4(2)
C 6h 0.846(3) 0.691(6) 0.250 0.0
Br,=0.40(10) A? Br.=0.48(1) A2 B.=0.94(20) A2
Tm,Fe;,C: a,b=8.7351(3) A c=11.7703(5) A
Tm,Fe,;C,: a,b=8.5223(8) A c=8.3522(6) A

Occupation (C in TmyFe,;C.): 38%

Others: 100%

Rnuclear = 60% Rmagneﬁc = 6'4% Rproﬂle = 78% Rexpected = 50%

certain amount of Tm,Fe,,C,. Tm,Fe,;C, crystallizes in the hexagonal space
group P6;/mmc (No. 194) with 38+2x atoms per unit cell. At room
temperature the X-ray powder photographs yield lattice constants
a=28.7304(2) A and c¢=11.7640(4) A for Tm,Fe,,C and a=8.5181(8) A and
c=8.3496(9) A for Tm,Fe,,C,.

3.2. Nuclear and magnetic structure

We used as starting parameters those published in ref. 10 for Tb,Fe,,C.
The rare earth atoms are distributed over two point positions whereas the
Fe atoms are distributed over six point positions; the C atoms occupy one
further point position. As starting parameters for TmgyFe,;C, we used those
found for the Th,Ni;; type [20]. The rare earth atoms occupy two point
positions whereas the Fe atoms are distributed over four point positions;
the C atoms occupy the point position 6h according to ref. 21. We studied
the sample at 650 K in the paramagnetic state without any magnetic influence
on the structure refinement. The measurement at 400 K provides information
about the magnetic structure between Tg; and T¢. The measurements at
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TABLE 5

Structural and magnetic parameters of TmyFe,,C and TmyFe,;C, at 10 K (magnetic moments
of Tm,Fe,,C are fixed perpendicular to the ¢ axis, magnetic moments of TmyFe,,C, parallel
to the ¢ axis). The standard deviations of the lattice constants do not include errors from the
neutron wavelength, A)A

Atom Site Parameter p (pg)
x Yy z
Tm(1) 4f 0.2582(12) 0.2582(12) 0.000 —5.4(1)
Tm(2) 4g 0.1381(11) 0.8619(11) 0.000 -6.1(2)
Fe(1) 16k 0.2274(6) 0.5636(6) 0.1225(5) 2.7(1)
Fe(2) 16k 0.0361(6) 0.3543(6) 0.1747(5) 3.5(1)
Fe(3) 8j 0.0960(6) 0.0960(6) 0.2048(6) 1.4(1)
Fe(4) 8j 0.3169(5) 0.3169(5) 0.2461(6) 2.9(1)
Fe(5) 4e 0.000 0.000 0.6083(9) 1.3(2)
Fe(6) 4c 0.000 0.500 0.000 3.8(2)
C 4g 0.3713(14) 0.6287(14) 0.000 0.0
Results of refinement of second phase TmyFe,;C,
Tm(1) 2b 0.000 0.000 0.250 —5.4(5)
Tm(2) 2d 0.333 0.667 0.750 —-8.0(3)
Fe(1) 4f 0.333 0.667 0.104(2) 1.7(3)
Fe(2) 6g 0.500 0.000 0.000 2.4(4)
Fe(3) 12 0.331(2) 0.961(1) 0.250 1.9(2)
Fe(4) 12k 0.165(1) 0.331(2) 0.987(1) 2.6(3)
C 6h 0.848(4) 0.696(8) 0.250 0.0
Br,=0.19(13) A? Bp.=0.40(2) A2 B;=1.34(29) A?
Tm,Fe,,C: a,b=8.7363(4) A ¢=11.7545(7) A
TmyFe,;Cy: a,b=8.509(1) A c=8.360(1) A
Occupation (C in Tm,Fe,;;C,): 38% Others: 100%
Riuctenr =5.0% R gnetic=5.7% Ryone=8.0%  Rerpectea=3-3%

room temperature and 10 K yield information about the magnetic structure
below Tgr. The scattering lengths used for thulium, iron and carbon are
0.705%x 10712, 0.954x 1072 and 0.665Xx10~'2 cm respectively [22]. The
neutron magnetic form factors for Tm®* and iron were taken from refs. 23
and 24 respectively. A three-phase Rietveld refinement was carried out owing
to the presence of the TmyFe,;;C, phase and traces of free iron [25, 26].
For the determination of the occupation factor for carbon in the TmyFe,,C,
phase we used the 650 K data, since any magnetic influence is absent. The
lattice constants change for TmyFe;,C and TmyFe,,C, with increasing tem-
perature. The changes in the temperature ranges 10—295 and 400-650 K
were determined by neutron diffraction measurements under identical ex-
perimental conditions. The results are summarized in Table 1. All magnetic
moments in both phases were refined collinear since this yields significantly
better fits. The significantly best fits were achieved with the following directions
of the magnetic moments: at 400 K the preferred direction is parallel to the
¢ axis for TmyFe,,C and perpendicular to the ¢ axis for Tm,Fe,;C,; at 295
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Tm,Fe,C, 650 K, 1.701 A, P4,/mnm
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Fig. 2. Observed and calculated neutron diffraction patterns of paramagnetic Tm,Fe;,C at 650
K. The lines at the top indicate the positions of the following reflections: lower row, TmyFe,;C,;
middle row, a-Fe; upper row, TmyFe,,C.

K both phases have a preferred direction perpendicular to the ¢ axis; at 10
K the preferred direction is perpendicular to the ¢ axis for TmyFe;,C and
parallel to the ¢ axis for TmyFe,;C,. At 400 K the magnetic moments of
thulium in Tm,Fe,;C, were set to zero and the magnetic moments of iron
in this phase were refined as a single value to achieve a better refinement.
The results of the structure refinements are summarized in Tables 2—5 and
three patterns are shown in Figs. 2—4. To obtain the magnetization curve
of TmyFe, ,C, the temperature dependence of the integrated neutron intensity
of the partial magnetic reflection (002) (magnetic intensity perpendicular to
the ¢ axis) and of the partial magnetic reflection (110) (magnetic intensity
perpendicular to the 110 direction) was measured (Fig. 5). The magnetization
M is proportional to0 (Inagn)?. Tsk Was determined to be located at 308 K,
but the location of 7 is not obvious from this graph since the decrease in
the 110 reflection is very small at this temperature compared with the standard
deviations.

4. Discussion

The compound Tm,Fe,,C crystallizes in the space group P4, /mnm (No.
136) similarly to Ndy,Fe ,B. The lattice constants at room temperature
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Tm.Fe,C, 400 K, 1.701 A, P4,/mnm
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Fig. 3. Observed and calculated neutron diffraction patterns of ferromagnetic Tm,Fe,,C at 400
K. The lines at the top indicate the positions of the following reflections: lower row, Tm,Fe,;C,;
middle row, a-Fe; upper row, TmyFe,;,C.

determined by X-ray diffraction are a=8.7304(2) A and ¢=11.7640(4) A.
The lattice constant a decreases with increasing temperature whereas ¢
increases.

For TmyFe,;,C at 10 K all possible Schubnikow groups of P4,/mnm
were tried without success [27]. Collinear magnetic moments perpendicular
to the ¢ axis yield the significantly best fit. No forbidden reflections were
observed; therefore the n plane is preserved for the magnetic structure. We
propose the Schubnikow space group P2,n'm’ (Pmn2, is No. 31) for the
magnetic structure of Tmy,Fe4,C at 10 K with magnetic moments in the [100]
direction (x’, Schubnikow element). This is in agreement with results for
TmyFe ;B [28]. The magnetic moments of Tm,Fe,,C at 400 K (above Ty
at 308 K) were refined parallel to the ¢ axis since this yields a significantly
better fit than refinement perpendicular to the ¢ axis. The Schubnikow space
group is P4,/mn’'m’ for this magnetic structure as it is for Ry,Fe;,C (R=Tb,
Dy, Ho, Lu) [9-11, 16]. The Tm atoms almost lose their magnetic moments;
therefore the magnetic iron sublattice is similar to Lu,Fe,,C [9] where lutetium
has no magnetic moment. The values of T are also comparable, showing
the close relationship between these two structures. The Fe(4) atoms in the
8j position show the highest magnetic moment (2.9 ug) in the Tm,Fe,,C
structure above Tg;. This is in good agreement with neutron diffraction
measurements of Nd,Fe,C [13], TbyFe,;,C [10], Dy,Fe,C [16], Ho,Fe,,C
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Tm.Fe,C, 10 K, 1.706 A, P4,/mnm
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Fig. 4. Observed and calculated neutron diffraction patterns of ferromagnetic TmyFe,,C at 10
K. The lines at the top indicate the positions of the following reflections: lower row, Tm,Fe,,C,;
middle row, a-Fe; upper row, TmyFe,,C.

[11] and LuyFe,;,C [9, 16]. The magnetic moments for Fe(4) atoms are the
highest in all investigations on Nd,Fe, B-type compounds cited above.

The magnetic moments of the Fe atoms in Tm,Fe,,C below Tgy are not
comparable with magnetic structures where p || ¢. The Fe(2) and Fe(6)
atoms in the 16k and 4c positions show the highest magnetic moments
(3.5-3.8 up), while the Fe(3) and Fe(5) atoms show the lowest magnetic
moments (1.2—1.4 ug) in this structure. The saturation magnetization at 10
K is 27.0(5) up fu.”! (per formula unit), which is significantly higher than
those determined by bulk magnetization measurements (16.8 [7] and 18.4
up fu. 7! [17] respectively). This may be explained by the direct measurement
by neutron diffraction in contrast to the bulk methods in the presence of
other phases.

The Tm,Fe,,C, phase changes its magnetization direction from parallel
to the ¢ axis at low temperatures to perpendicular to the ¢ axis at higher
temperatures. Comparing its 7 value with the values listed for various
Tm,Fe;,C, compounds in ref. 21, we expect its Ts;z value to be close to
215 K. The present occupation factor for C, yields x=1.1(1). This is in
good agreement with the investigation cited above, where a T value of 498
K corresponds to = 1.0. The Tm atoms almost lose their magnetic moments
above Tgg, similarly to the Tm,Fe, ,C phase. The magnetic determination of
Tm,Fe,;C, above Tsp presents the same problem as for TmyFe,;C below
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Fig. 5. Integrated neutron intensity of partial magneticreflections (110) and (002) vs. temperature;
A=2.337(2) A.

Tsr- No additional reflections were observed and all magnetic moments are
collinear perpendicular to the ¢ axis. Analogously to TmyFe ,C with u L
¢, we propose the Schubnikow space group Cmc’m' and all magnetic moments
to be along the [100] direction (e.g. equivalent to the [100] direction in
the hexagonal lattice) or Om'cm’ and all magnetic moments to be along
the [010] direction (e.g. equivalent to the [120] direction in the hexagonal
lattice).
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