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Abstract. A novel Y3(FeCr)g single crystal with the NglFe Ti)2o-type structure has been
successfully prepared using the Czochralski method followed by a heat treatmentBe; gCf2

single crystal with a ThNi17-type structure. The magnetization curves measured along the easy and
hard direction in the temperature range from 1.5 to 293 K are presented. The lattice parameters of
the crystal are = 10.645 A,b = 8.455 A,c = 9.678 A ands = 97.462, respectively. The Curie
temperature is 410 K. The saturation magnetizations decrease with increasing temperatures and
are in good agreement with the spin-wave relation. The average magnetic momentis; er

Fe atom at 1.5 K. The crystal keeps a planar anisotropy from 1.5 to 293 K. The magnetocrystalline
anisotropy constants at 1.5 K akg = —0.87 x 108 Jm 3 andK, = 0.19 x 10° J m3.

1. Introduction

In the past decade, a novel iron-based metastable intermetallic compe(reNR) g and its

nitride of Rs(Fe,M)29N,,, where R = rare earth, M= Ti, V, Cr and Mo, were investigated
extensively for potential application as permanent magnets [1]. It has been found that the new
family of R3(Fe,M),9 possesses the monoclinic NEe, Ti)oo-type structure with the space
groupP2;/c, and can be considered as a intermediate structure consisting of the 1:12 structure
and the 2:17 structure at the ratio of 1:1 [2]. The subsequent investigations of Kalegabu
[3]and Psycharist al[4] suggested the RFe, M) g Structure can be described more accurately

by the space groupg2/m instead ofP2;/c. Like the iron-based intermetallic compounds of
2:17 and 1:12, a marvellous improvement in the Curie temperature and a drastic modification
in anisotropy take place in the carbides and nitrides upon the introduction of C, and especially
N, as the interstitial atoms in 3:29. The permanent magnetic properties;0F&i)ogN, [5]

and Sm(Fe Ti)29C, [6] developed by the ball-milling technique were reported in our previous
work. However, all the investigations mentioned above were performed on the polycrystalline
Rs(FeM),9 samples. Compared with the systematic studies on other iron-based rare-earth
compounds, such as;Re;4B, RoFe; and RFeM);,, there are some significant questions
keeping us from understanding thg(Re,M),9 compound yet. For instance, the substantial
value of the magnetization and anisotropy contributed from the Fe atom at different sites in the
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3:29 structure remains unknown both in theory and experiment. It is not confirmed by exper-
iment yet that B(Fe M),g, as supposed by lat al, possesses two unequal R sites and results

in the spin reorientation in NdFe, Ti),g and the first order magnetization process (FOMP) in
Smg(Fe Ti)2g due to the competition between the uniaxial anisotropy and the planar anisotropy
originating from the two different R sites [7]. In order to have accurate data, the investigation
on a single crystal is always highly desirable. However, the metastable feature prevents us
from directly growning an RFe M),g single crystal. To our knowledge, there is no data on a
single crystal of B(Fe,M).g except for ¥3(Fe V)29 [8, 9] and Th(Fe V)29 [10] single crystals
investigated by Courtoist al. In the present work, axFe;sCr, single crystal with a hexagonal

2:17 structure was grown by the Czochralski method, followed by a proper heat treatment. We
successfully obtained az{Fe Cr),g single crystal with the Ng{Fe Ti),o-type structure after

a solid transition. The magnetic properties of the crystal are also present in this contribution.

2. Experiment

The alloy with composition of ¥Fe;sCr, was prepared by arc-melting the starting material
Y,Fe with the purity of 99.9% and Cr of the purity of 99.99%. An excess of 5wt% was added for

Y to compensate the loss during melting. A slim Fe bar was used as the seed in the procedure
of pulling the crystal. The original crystal was grown from such a Y-Fe—Cr alloy melt using
MCGS-3CZ equipment with a growth rates of 15-25 mmi hnd a rotation rate of 30 rpm

[11]. Checked by Laue back-reflection and metallographic observationyfeesCr, original

crystal was confirmed as a single crystal with aNlh ;-type structure. The ¥(Fe,Cr),gsingle

crystal with an Nd(Fe Ti),g-type structure was finally obtained via the original single with
ThyNiy7 structure vacuum annealed at 10@for four days and followed by quenching in
water. The hard magnetization direction (i.e. the [102] axis in the 3:29 structure) was fixed
on a spherical sample with a diameter of 2 mm. The Curie temperature was determined from
the thermomagnetic scan trace measured by a vibrating sample magnetometer (VSM) above
room temperature. The magnetization curves measured along the easy and hard direction were
carried out by an extracting sample magnetometer. The anisotropy field at room temperature
was detected by the singular point detector (SPD) technique [12].

3. Results and discussion

Figure 1 presents the x-ray powder diffraction patterns of the Y-Fe—Cr crystal before and after
the annealing procedure. It can be seen clearly that the characteristic spectrum of the 3:29
structure appears in the patterns after heat treatment, such as line (322), which was shifted
slightly below 40, and the three lines (104), (40—2) and (23- 1), which were split apart after
heat treatment. This implies that the formeiPé,5Cr, crystal with a hexagonal structure has
been changed into thes¥e Cr),g crystal with a monoclinic structure after a solid transition.
The lattice parameters of thesiFe, Cr),q crystal respectively are = 10.645 A,b = 8.455 A,
c = 9.678 A andg = 97.462 by indexing the x-ray powder diffraction patterns.

The Curie temperature of 3YFe Cr),g single crystal determined by VSM is 410 K. It
is similar to 7, = 439 K for the Y3(Fey93Vo.07)29 Single crystal [9]. Figure 2 shows the
magnetization curves from 1.5 to 293 K measured along the easy and hard direction in fields
up to 6.5 T for the ¥(Fe Cr),g single crystal. Employing the law of approach to saturation,
the saturation magnetizatioll; is obtained and summarized in figure 3. The saturation
magnetization is 84 x 10° A m~! (11526 A n? kg™') at 1.5 K and 636 x 10° A m~!
(87.86 A n? kg™1) at 293 K respectively. The average moment B4l at 1.5 K is
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Figure 1. X-ray diffraction patterns of (a) before and (b) after the annealing procedure on a Y-Fe—Cr
single crystal.

calculated per Fe atom. The value is somewhat smaller thiégh dz /Fe at 5 K for the
Y 3(Fep.93Vo0.07)29 Crystal [9]. According to the spin-wave relation, the temperature dependence
of the spontaneous magnetization of a ferromagnetic material is written by:
M, = My(0)(1 — aT*?) @)

whereM; (0) is the spontaneous magnetizatio & anda is a coefficient factor connected with
the structure and properties of the material. Tiecalculated by the spin-wave relation is
also shown in figure 3 with a solid line, together with the magnetization values calculated
on the basis of the Brillouin function (shown in a dashed line). It can be seen that the
experimental data are in good agreement with the spin-wave relation but somewhat different
from the results of the Brillouin function, which can describe the variation of spontaneous
magnetization with temperature for an Fe single phasevith1/2 very well. The coefficient
ais 126 x 107° K~¥2 for the Y3(Fe,Cr),9 single crystal. A similar relationship @f, versus
T was also found in ¥Fei; and Y>Coy7 single crystals withy = 7.55 x 10~ K—%2 and
a = 3.42 x 1078 K~/2, respectively [13].

The magnetocrystalline anisotropy fielg, also can be obtained from figure 2 by
extrapolating the hard magnetization curve across the easy magnetization curve. The values
of B, using the extrapolation method are shown in figure 4. At 1.5 and 293 ks 1.95 and
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Figure 2. Magnetization curves along the easy and hard direction at several temperatures for the
Y 3(Fe Cr),g single crystal.
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Figure 3. Temperature dependence of the saturatioffigure 4. The variation of the magnetocrystalline
magnetization for the ¥(Fe Cr),g single crystal. The anisotropy fieldB, with temperature for the ¥(Fe Cr)2g
solid square symbol presents the experimental valuesngle crystal.

of M, obtained by the law of approach to saturation.

The solid and dashed curves respectively show the

calculation results using the spin-wave relation and

Brillouin function.

0.88 T respectively. The SPD curves measured along the hard magnetization direction at room
temperature are presented in figure 5. The peak at the curve of the second-order derivative
d?M /dt? versus the applied fiel® is defined as the anisotropy fiel®, is 0.75 and 0.84 T
determined from the ‘@ /d¢? curve of the magnetization and demagnetization procedure,
respectively. The average valueRf at room temperature using the SPD technique is in good
agreement with that of 0.88 T using the extrapolation procedure.
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Figure 5. A room temperature SPD signal measured-igure 6. Temperature dependence of magnetocrys-

along the hard direction for the 3¥Fe Cr)29 single talline anisotropy constarit in the temperature range

crystal. from 1.5 to 293 K. The dashed line presents the results
calculated by the Perkins equation. The open square and
solid triangle symbols are respectively the calculation val-
ues using the Klein equation and first approximation.

To afirstapproximation, the magnetocrystalline anisotropy constart(@€YCr),g single
crystal can be calculated by:

Ki=—-3MB, )

where M; is the saturation magnetizatio®, is the magnetocrystalline anisotropy field
determined by the extrapolation method. The result& p€alculated by the above equation

are shown in figure 6 by a solid up triangle symbol. The temperature dependeki¢danfa

planar system can be calculated by the following expression, which was proposed by Perkins
and Nagel [14].

~ T\ (M, (D)
K1(T) = K1(0) (1— af) ( MS(O)) ”

whereq is a constant independent of temperatie M, (0) are the Curie temperature and the

saturation magnetizatiort 8 K respectively.« is 0.7 for the Y5(Fe,Cr),g single crystal and

in the same as xFe;7 single crystal, but smaller than that of 1.5 for thgC6;7 single crystal

[14]. The results calculated by the Perkins expression are also presented with a dashed line in

figure 6. One can see that the experimental data are coincident with the calculation data using

the Perkins expression for the;(Fe Cr),g single crystal at a low temperature.

The anisotropy constark; and K, for a planar anisotropy system can be calculated by

the following expression, which was suggested by Kidial [15]:

B _ _2K1 + 4K, + 4K, M2 )
oM, moM?z oM} €
where g is the permeability of free space, is the applied fieldM. is the magnetization
measured along the hard direction aWd is the saturation magnetization. As an example,

a Sucksmith—Thompson-like plot at 1.5 K is presented in figure 7 for HiE&/Cr),g single
crystal using equation (4). The temperature dependenég aind K, is shown in figure 8.
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Figure 7. A Sucksmith-Thompson-like plot at 1.5 K Figure 8. Temperature dependence of anisotréfyand
using the Klein equation for the 3YFeCr),9 single K> obtained by the Klein equation for thesifFe Cr)29
crystal. single crystal.

At 1.5 K, the anisotropy constanfs; = —0.87 x 10° J m3 andK, = 0.19 x 10° J m 3
are obtained from figure 7 for thez¥Fe Cr),g single crystal. The value of; at 1.5 K is
much smaller than that 0£2.3 x 10° J m™3 (T = 4.2 K) for the binary ¥%:Fe;7 single
crystal [16].

In conclusion, a ¥(Fe Cr),g single crystal with an NglFe Ti),o-type structure has been
successfully prepared using the Czochralski method followed by an annealing procedure. The
lattice parameters are = 10.645 A, b = 8455 A, ¢ = 9.678 A andp = 97.462 for
Y 3(Fe Cr)yg single crystal, respectively. The Curie temperature is 410 K. The saturation
magnetization decreases with increasing temperature and is in good agreement with the spin-
wave relation. The average magnetic momentil Lz per Fe atom at 1.5 K. The crystal
keeps a planar anisotropy from 1.5t0 2934, = 8.34x 1P Am~1, K; = —0.87x 10 I m3
andK, = 0.19 x 10° 3 m 2 at 1.5 K are also obtained for thestFe, Cr),g single crystal.
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