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The structural and magnetic properties of HoNi,Mn(*’Fe) have been investigated. The *’Fe-doped
HoNi,Mn compound crystallizes in the MgCu,-type structure with Fd-3m space group similar to
HoNi, and HoMn,. HoNi,Mn(®*’Fe) exhibits ferrimagnetic ordering below a Curie temperature of
Tc ~ 60 K—significantly higher than the corresponding values for HoNi, (T¢= 15 K) and HoMn,
(T¢ =24 K)—with analyses of dc magnetization and ac susceptibility results confirming that the
magnetic transition at T is second order. The Mossbauer spectra above T are described well by
two sub-spectra representing the 8a and 164 sites while below T the spectra have been fitted using
a site model comprising three sub-spectra. The Debye temperature, 0, = 190(20) K, has been deter-
mined. © 2012 American Institute of Physics. [doi:10.1063/1.3677666]

INTRODUCTION

Intermetallic compounds of composition AB, have high
symmetry and are topologically closed-packed structures.'
Their simple crystal structure and excellent physical proper-
ties make them potentially suitable for industrial and technol-
ogy applications such as hydrogen storage material,”
superconductor,” and giant magnetostrictive material. The
AB,-type compounds have three kinds of structures: cubic
C15 (MgCu,), hexagonal C14 (MgZn,), and dihexagonal C36
(MgNiz).1 Quite recently, it was found that one series of
RNi;Mn alloys with R =Tb, Dy, Ho, and Er can also form the
MgCu,-type structure even though the ratio of rare-earth to
transition-metal atoms is 1:3. These RNi,Mn alloys are found
to be isostructural to RNi, and RMn, compounds but with
much higher magnetic ordering temperatures.”’

As part of our systematic investigation®’ of the mag-
netic properties of this RNi,Mn system, here we present a
detailed investigation of the critical magnetic properties of
HoNi,Mn(°"Fe).

EXPERIMENTAL PROCEDURES

The HoNi,Mn(*’Fe) sample (doped with 0.5 wt. %
7Fe) was prepared by standard argon arc-melting. The sam-
ple was characterized by x-ray diffraction (CuKo radiation;
i=15418 A). Alternating current magnetic ac susceptibility
and dc magnetization measurements were carried out using a
conventional physical properties measurement system
(PPMS-9). The powder neutron diffraction patterns were
collected on the Wombat diffractometer (1=2.4173 A;
OPAL, Australia) at 7=300 K and the SPODI
diffractometer (1= 1.5487 A FRM II, Germany) at T=3 K

YElectronic mail: jianli@uow.edu.au.
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and 50 K. The *’Fe Mossbauer spectra were obtained over
5-300 K using a standard constant-acceleration spectrometer
and a °’CoRh source.

RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the mag-
netization measured on the powder sample of HoNi,Mn(*"Fe)
in an applied magnetic field of 5 mT. The sample was meas-
ured on warming after first cooling in zero field (marked as
ZFC). The field-cooled cooling magnetization curve, FCC,
was then recorded on cooling from 300 K to 5 K. It can be
seen from Fig. 1 that different thermo-magnetic behavior is
detected for the ZFC and FCC magnetization curves below
46 K. This behavior can be ascribed to the magnetohistory
effect originating from the narrow magnetic domain pinning.'”
The presence of narrow walls requires a large ratio of the ani-
sotropy energy to the exchange energy'’ and it has been
reported'" that the exchange interactions are weak compared
with the crystal-field effects (anisotropy) in HoNi,. Based on
the similarity of HoNi, and HoNi,Mn (similar crystal structure
and related low T), the necessary conditions for the presence
of narrow magnetic domain pinning can be satisfied in HoN-
i,Mn systems. The propagation of these narrow walls needs
thermal activation'’ and the required energy becomes avail-
able when the temperature is increased from 5 K. Similar
behaviors have been observed for other RNi,Mn com-
pounds.”™’ The transition temperature has been determined
from M’*-versus-T plots to be To=60 K; this transition is
significantly higher than those of the corresponding HoNi,
(Te=15 K)'? and HoMn, (Tc=24 K)" compounds, but
slightly lower than that reported for pure HoNi,Mn
Tc=175 K).> As is evident from the inset to Fig. 1, above
Tc the inverse susceptibility (uoH/M) of HoNi,Mn follows
Curie-Weiss behavior leading to a paramagnetic Weiss

© 2012 American Institute of Physics
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FIG. 1. (Color online) Temperature dependence of the dc magnetization of
HoNizMn(57Fe) measured in an applied field of (upH =5 mT) under ZFC
and FCC conditions. The inset shows the temperature dependence of the
inverse susceptibility (uoH/M).

temperature 0,, =57 K, and an effective magnetic moment of
etr= 8.1 up.

Typical M-versus- poH curves are shown in Fig. 2(a) for
the magnetic region of interest (10-60 K) with the cor-
responding Arrott plots of M” versus uoH/M shown in
Fig. 2(b). The positive slopes in the isothermal Arrott plots
indicate that the transition at Tc is second order. The
response of the magnetic ac susceptibility to an increasing dc
field (Fig. 3) reveals several interesting features: (i) a series
of critical susceptibility maxima y,,, (ii) a decrease in the
magnitude of y,,, and (iii) a shift in the y,, temperature to
higher temperatures. As discussed elsewhere,'* these max-
ima are a characteristic signature of a second-order paramag-
netic to ferromagnetic transition, in good agreement with our
conclusion based on the Arrott plots.

Several RT,-based compounds with MgCu,-type struc-
tures have been found recently to exhibit a large magneto-
caloric effect. For example, the change in magnetic entropy
corresponding to a magnetic field change ApoH starting
from a zero field to B = pyH, has been obtained to be —ASy,
~30Jkg' K" 237keg' K, and 11 J kg”' K" under the
field change 0-5 T for ErCo, (T =32 K), HoCo, (T¢ = 80 K),
and DyCo, (T¢=140 K), respe(:tively.15 We have cal-
culated the magnetocaloric effect in HoNi,Mn from our
magnetization data using the Maxwell thermodynamic rela-
tion resulting in the —AS}, values as a function of temperature
in Fig. 2(c). The maximum —AS,, values are found to be
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FIG. 3. Temperature dependence of the ac magnetic susceptibility of as
measured in the dc magnetic fields indicated: ppHy. =2 T to 8 T at a step of
1 T with f=1000 Hz and poH,. =0.001 T.

15Tkg' K" 32Tkg' K", 48Tkg' K, 60T kg K,
and 7.4 J kg' K™! around Tc for field changes of 0-1 T,
0-2T,0-3T,04T,and 0-5 T, respectively.

Figure 4 shows the neutron diffraction patterns of the
HoNi,Mn(*"Fe) sample at T=3 K and 50 K (SPODI diffrac-
tometer) below T and 300 K (Wombat diffractometer).
While direct comparison of the peak intensities is difficult
because of the different instruments used, the patterns none-
theless do help to demonstrate the magnetic scattering pres-
ent in HoNi,Mn(*’Fe) below T¢. In particular, the patterns
reveal that below T the intensities of the (111) and (220)
reflections at 3 K (particularly) and 50 K are increased rela-
tive to, say, the nuclear (222) reflection, compared with the
behavior of (111) and (220) relative to (222) above T at
300 K where HoNi,Mn is paramagnetic. Rietveld refinement
(Fig. 4; small amount of impurity present) indicates that the
8a sites are not fully occupied by Ho atoms (~74.1%), while
Mn atoms occupy ~23.8% of the 8a sites with about 2.1% of
the 8a sites empty. By comparison, the 16d sites are fully
shared by the Ni (74.6%) and Mn (25.4%) atoms. The lattice
constant has been derived to be 7.123(3) A 7.124(3) A and
7.145(3) AatT=3 K, 50 K, and 300 K, respectively.

Examples of Mdssbauer spectra and fits over 5-300 K
are shown in Fig. 5. Similar to TbNi,Mn and ErNi,Mn,*’
In the paramagnetic region the spectra indicate features
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FIG. 2. (Color online) (a) The variation in magnetization of HoNi,Mn(*’Fe) with applied magnetic field poH =0-5 T at the temperatures indicated. (b) Arrott
plot M? vs poH /M at the temperatures indicated. (c) Temperature dependence of the isothermal magnetic entropy change —ASy/(T, H).
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FIG. 4. (Color online) Neutron diffraction patterns for HoNi;Mn sample at
T=3K, 50 K (SPODI, FRM II), and 300 K (Wombat, OPAL).

consistent with quadrupolar effects, while below T the spec-
tra exhibit magnetic hyperfine splitting. We adopted the sim-
ilar approach as described previously®; the spectra above T
are found to be fitted using two doublets consistent with
Mn (and 3d %’Fe atoms) entering both 8a and 16d sites
in RNi;Mn compounds. The optimal fits to spectra above
Tc have doublets of fractional areas D;~ 10(1)% and
D> ~90(2)%. Based on the neutron refinement mentioned
above, we therefore identify doublet D as representing the
behavior of the 8a site with D, representing the behavior of
the 16d sites.

The spectra below T at 5 K show magnetic hyperfine
splitting. Similar to TbNi,Mn (57Fe) and ErNi,Mn (57Fe),8’9
it was found that three sub-sextets are needed to provide
optimal fits for the spectra below T. The fractional areas of
these three sub-sextets are A;~45 (£2)% (B, =16.6 T),
Ay ~45 (£3)% (Byp=12.7T), and A3~10 (£3)% (Bjp
=57 T) of overall average (Bj)=13.7 T. Based on the
transition-metal occupancies of the 164 and 8a sites men-
tioned above, we conclude that the first two sextets of com-
bined fractional area ~90% correspond to the contribution
from >’Fe at 16d sites, with the third sextet representing >'Fe
located at the 8a site. Moreover, we also fitted the magneti-
cally split spectra assuming a distribution of hyperfine fields
(shown in Fig. 5(a)) with the average field found to be 13.9 T,
similar to the value determined for the site model. The Debye
temperature of HoNi,Mn(’"Fe) has been determined by fitting

J. Appl. Phys. 111, 07E334 (2012)
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FIG. 5. (Color online) (a) 5’Fe Mossbauer spectra of HoNizMn(57Fe) at
T=5K, 70K, and 300 K. (b) The average isomer shift vs temperature.

the temperature dependence of the isomer shift IS(7) in terms
of the Debye model (e.g., Ref. 5). The fit (Fig. 5(b)) leads to
the Debye temperature 0p = 190 £+ 20 K.
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