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A systematic investigation of the intrinsic magnetic properties of R Fe;(Mo, compounds (with R =Y,
Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, and Tm) has been performed by means of ac susceptibility measure-
ments, singular-point-detection techniques, and magnetization measurements. Spin reorientations were
detected by measuring the temperature dependence of the ac susceptibility and the magnetization in
NdFe, (Mo, (T,=147 K), DyFe, Mo, (T,=137 K), ErFe, Mo, (T,=180 K), and TmFe, Mo,
(T,=166 K). In order to trace field-induced magnetic phase transitions, magnetization curves were
measured at 4.2 K on magnetically-aligned RFe (Mo, samples in magnetic fields up to 35 T in the
Amsterdam high field installation. First-order magnetization processes (FOMP)-like transitions were
detected at 4.2 K in PrFe Mo, (B, =5.97 T) and HoFe;yMo, (B..=1.73 T) in an external field applied
perpendicular to the alignment direction and in ErFe,(Mo, (B,=2.47 T) in an external field applied
parallel to the alignment direction. An anomalous increase of magnetization of SmFe Mo, at low tem-
peratures in an external field applied perpendicular to the alignment direction is suggested to be due to a
fast continuous rotation of magnetic moment under the action of external field, rather than due to a
FOMP-type transition. The magnetic-coupling strength between the rare-earth and the transition-metal
moments have been determined for the RFe;;Mo, compounds with R =Dy, Ho, Er, or Tm from the
magnetization behavior in fields up to 35 T of fine single-crystalline powder particles, loaded loosely into
the sample holder and therefore free to rotate in the applied magnetic field. The temperature depen-
dence of the anisotropy field B, of the RFe (Mo, compounds has been determined by means of the
singular-point-detection technique in the temperature interval where the easy magnetization direction of
the samples is parallel to the c axis. It is found that an annealing treatment of the as-cast ingots of the
RFe Mo, compounds at high temperature (at least 1323 K) for a long time (at least two weeks) is vital
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to obtain R Fe;)Mo, compounds with the tetragonal ThMn,, structure.

I. INTRODUCTION

In searching for Fe-rich rare-earth (R) intermetallic
compounds suitable for permanent-magnet fabrication,
the tetragonal R(Fe,M ),;, compounds (M =Tij, Si, V, Cr,
Mo, or W) have shown to be worth investigating fur-
ther.!™> Some common features of these compound
series can be summarized as follows: (1) There is only
one crystallographic rare-earth site which simplifies the
study of the crystalline electric field (CEF) effect on the
rare-earth ion in these compounds.®”® (2) Pure RFe,,
compounds with the tetragonal ThMn,, structure (space
group I4/mmm) are not stable for all R elements. The
M atoms in R(Fe,M),,, which preferentially occupy one
of the three Fe sites 8f, 8i, or 8; stabilize the structure.
In most cases, the M atoms occupy the 8i site.>!° (3) The
magnetic anisotropy of the Fe sublattice favors the c axis.
(4) Only Sm-containing compounds show the high uniaxi-
al anisotropy field which is of vital importance in estab-
lishing the coercivity of a possible magnet. However, the
coercivity realized thus far is disappointing.!"!? (5) The
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contribution from the R sublattice to the anisotropy is
not completely predictable from the second-order CEF
term only. This suggests that fourth-order as well as
sixth-order CEF terms play an important role in deter-
mining the easy magnetization direction (EMD). From
the CEF calculations, it follows that fourth- or sixth-
order CEF terms lead to an EMD that deviates from the
¢ axis. Therefore field- and temperature-induced magnet-
ic phase transitions, like first-order magnetization pro-
cesses and spin reorientations, may be expected to occur
in R(Fe,M ),-type compounds. Among the R(Fe,M),,
compounds, the RFe Mo, series is anomalous in several
respects. First of all, the RFe;;Mo, compounds have the
lowest Curie temperatures and the lowest magnetization
of all corresponding R(Fe,M);, compounds.”* Further-
more, some magnetic anomalies, like a spin-glass-like
transition, have been reported in YFe Mo, and
LuFe ;Mo,.!>!* Very recently, Sun et al.'>'® have re-
ported that YFe;, Mo, compounds can be stabilized in
the tetragonal ThMn,, structure with x as low as 0.5.
The magnetization and Curie temperatures of
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YFe,,_,Mo, increase markedly with decreasing Mo con-
centration. In addition, it has been found that
SmFe,, sMo, s exhibits an anisotropy field as high as 10 T
at room temperature.!” All these facts make the
RFe,,_,Mo, compounds interesting from both technical
and fundamental points of view. In the present study, we
report a systematic experimental investigation of the
RFe (Mo, series. The main emphasis has been given to
the magnetocrystalline anisotropy and to magnetic phase
transitions. The study of the intersublattice exchange in-
teraction between the R and T sublattice is another im-
portant point in the present study.

The present paper is organized as follows: The experi-
mental procedures are described in detail in Sec. II. In
Sec. III, the fundamental background of the magnetic
phase transition and the magnetic exchange interaction
in the R-T intermetallic compounds is reviewed. The ex-
perimental results are presented and discussed in Sec. IV.
Finally, in Sec. V, a summary and some general con-
clusions are presented.

II. EXPERIMENTAL DETAILS

Polycrystalline RFe;,Mo, ingots with R =Y, Pr, Nd,
Sm, Gd, Tb, Dy, Ho, Er, and Tm were prepared by in-
duction melting appropriate amounts of the starting ma-
terials of a purity of at least of 99.99 wt. %. The ingots
were remelted four times in order to achieve homogenei-
ty. Weight losses during the melting due to evaporation
of the rare-earth element were compensated for by start-
ing with an excess of 3 wt. % R (with respect to the R
content). The as-cast ingots were wrapped in tantalum
foil and sealed in a preevacuated and then argon-gas-filled
quartz tube, followed by annealing at 1373 K for 4 weeks.
In order to avoid possible crystallographic phase transi-
tions during the cooling process, the samples were
quenched in water. It was found that the annealing treat-
ment of the as-cast ingots was necessary to obtain tetrag-

onal RFe (Mo, compounds. The RFe;;Mo, compounds
with ThMn,, tetragonal structure could only be obtained
through an annealing process at high temperature (at
least 1323 K) for a long time (at least 2 weeks).!®* The
purity of samples was checked by x-ray diffraction, using
Cr Ka radiation, and by optical microscopy. It was
found that after the above annealing treatment all investi-
gated samples were single phase with the desired tetrago-
nal ThMn,, structure. The occupation by Mo atoms of
the three possible Fe sites 8f, 8i, and 8j was determined
by analyzing the x-ray-diffraction patterns. The Mo
atoms were found to occupy only 8i sites.!® For this
reason, well-annealed RFe (Mo, can be considered as
true ternary compounds. The lattice constants @ and ¢
derived from the x-ray-diffraction analysis are listed in
Table I. Magnetically aligned samples with a cylindrical
shape were prepared by aligning at room temperature fine
particles with a diameter smaller than 40 um (obtained by
powdering by hand in a mortar) parallel and perpendicu-
lar to the cylinder axes in a magnetic field of 1 T and by
fixing their direction with epoxy resin. The temperature
dependence of the magnetization of the RFe,;Mo, com-
pounds was measured in a low applied field (0.05 T) in a
vibrating-sample magnetometer (VSM) equipped with a
superconducting coil. This equipment can be operated in
a temperature range from 4.2 to 800 K. The Curie tem-
peratures of the RFe;;Mo, compounds obtained in these
measurements are also listed in Table I. The temperature
dependence of the ac susceptibility of the RFe (Mo, com-
pounds was measured in a susceptometer which can be
operated from 1.8 to 300 K with ac fields up to 0.001 T
and frequencies from 5 to 1000 Hz. The temperature
dependence of the anisotropy field B , was determined by
means of the singular-point-detection (SPD) technique in
a pulsed-field magnetometer which can be operated from
4.2 to 1000 K with a maximum field of 30 T. The magne-
tization at 4.2 K of magnetically aligned RFe (Mo, com-
pounds was measured with the field applied parallel or

TABLE 1. Magnetic properties of RFe (Mo, compounds. a and c are the lattice constants. T, and
Tsg are the Curie temperature and the spin-reorientation temperature, respectively. My is the spon-
taneous magnetization expressed in pp/f.u. My is the saturation moment of the free R** ion (in
up/atom). My is the magnetic moment of the transition-metal sublattice, expressed in up/f.u. B, and
B, are the anisotropy field and the critical field of the FOMP, respectively.

a (nm) ¢ (nm) Mg My B, (T) B, (T)
Compound (300 K) (300 K) T, (K) T (K) (42 K) Mg 42 K) (42 K) “42K)
YFe (Mo, 0.8554 0.4798 317 14.06 0 14.06 1.27
PrFe (Mo, 0.8624 0.4804 365 17.65 320 1445 5.97
NdFe Mo, 0.8613 0.4805 366 147 18.22 3.27 14.95
SmFe;(Mo, 0.8582 0.4795 429 18.44 0.71 17.73 4.77* 7.15°
GdFe, (Mo, 0.8571 0.4802 444 7 3.24
TbFe (Mo,  0.8558 0.4799 360 6.15 9 15.15
DyFe; )Mo, 0.8543 0.4791 335 137 5.52 10 15.52 0.43%
HoFe Mo, 0.8534 0.4789 310 491 10 14.91 1.73
ErFe,\Mo, 0.8527 0.4786 289 180 5.96 9 14.96 2.61
TmFe,(Mo, 0.8516 0.4783 261 166 6.70 7 13.70

#Values at 300 K.
*Value of By.
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perpendicular to the alignment direction in fields up to 35
T in the Amsterdam High Field Installation.!® In order
to determine the magnetic-coupling strength between the
R and T moments, high-field magnetization measure-
ments were performed on fine (single-crystalline) powder
particles loaded loosely into a sample holder and there-
fore free to rotate in the applied magnetic field. These ex-
periments have been done on RFe; )Mo, compounds
where R is one of the heavy rare-earth elements Tb, Dy,
Ho, Er, or Tm.

III. FUNDAMENTAL BACKGROUND
OF THE MAGNETIC PHASE TRANSITION
AND EXCHANGE INTERACTION
IN THE R-T INTERMETALLIC COMPOUNDS

In R-T compounds, the contribution to the anisotropy
from the R sublattice generally dominates at low temper-
atures, whereas the T-sublattice anisotropy dominates at
high temperatures. Also, the R-sublattice anisotropy de-
creases much faster with temperature than the 7-
sublattice anisotropy. In RFe;Mo, compounds, the Fe-
sublattice anisotropy favors the ¢ axis,?® whereas the R-
sublattice anisotropy depends on the CEF interaction and
the exchange field experienced by R ions. If one consid-
ers only the second-order CEF term, the Sm, Er, and Tm
sublattices in RFe;;Mo, should have a c-axis contribution
to the net anisotropy, whereas the remaining magnetic R
ions should have planar contributions to the net anisotro-
py. Therefore many spin-reorientation transitions,
temperature-induced changes of the EMD, are expected
in RFe;(Mo,, either due to the temperature-induced com-
petition between the R- and Fe-sublattice anisotropies or
due to temperature-induced changes in the R sublattice
only. Another magnetic phase transition which often
takes place in R-T intermetallics is the first-order magne-
tization process (FOMP). A FOMP manifests itself as a
discontinuous change of the magnetization measured
with the field applied parallel to a specific crystallograph-
ic direction and is characterized by a critical temperature
Tromp» below which the FOMP occurs,?! and by a criti-
cal field B,. The physical origin of the FOMP is that
two relative minima appear in the total energy (as a func-
tion of the angle between a particular crystallographic
direction and the magnetization) and compete with each
other according to temperature and the strength of ap-
plied magnetic field.

The indirect exchange interaction between the 3d spins
of the T metal and the 4f spins of the R elements couples
the moments of the light (less than half-full 4f shell) R
elements parallel (ferromagnetically) to the 7" moments,
whereas the moments of the heavy (more than half-full 4 f
shell) R elements will be oriented antiparallel (ferrimag-
netically) with respect to the 7 moments. The magnetic
properties, e.g., the magnetic anisotropy, the magnetiza-
tion, etc., depend to a large extent on the strength of the
R-T exchange interaction. One way to obtain informa-
tion on the R-T interaction is by comparing the Curie
temperatures of compounds containing magnetic and
nonmagnetic R atoms (Y, La, and Lu) and obtaining the
intersublattice-interaction molecular-field coefficient ng_r
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by analyzing the Curie temperatures in a molecular-field
description (see, e.g., Refs. 22 and 23). For Gd-
containing compounds, the value of the exchange field at
the Gd sites can be directly determined by inelastic neu-
tron scattering.’* For ferrimagnetic materials, ng_; can
be determined in a very elegant and direct way from the
magnetization in high magnetic fields. This method was
first developed for garnets without taking into account
the magnetocrystalline anisotropy.?’> Grdssinger and
Hilscher 2° have tried to use this method to analyze the
intersublattice exchange of Er¢Fe,; and to include the an-
isotropy energy by taking into account the anisotropy
constants up to the fourth order.?’” Recently, Verhoef,
Radwanski, and Franse®® have developed a method for
ferrimagnetic R-T compounds with very large R-
sublattice anisotropy and negligible 7T-sublattice anisotro-
py. They allowed fine single-crystalline particles to rotate
freely in the applied magnetic field and studied the mag-
netization process in the field region where the magnetic
configuration deviates from the exact ferrimagnetic
configuration. By this method, a large variety of ferri-
magnetic R-T compounds has been investigated in recent
years in the Amsterdam High Field Installation. A
comprehensive review of this work has been given by Liu
et al”® The interpretation of the experimental results is
based on a molecular-field description.??%% In a ferri-
magnetic compound, the phenomenological expression
for the total energy E, is

E,=E,+ng.rMrMcosa

~BV M} +M2+2My M cosa , (1)

where E, =E,r+ E; is the total anisotropy energy with
E,; the T-sublattice anisotropy energy and E,z the R-
sublattice anisotropy energy. Mgz, My, a, B, and ni_ ¢
are the R-sublattice moment, the T-sublattice moment,
the angle between My and M, the applied field, and the
intersublattice-molecular-field coefficient, respectively.
The equilibrium state of M and M can be obtained by
minimizing Eq. (1) with respect to a,

0E, QE, )
3a = e —ng.pMg M sina
BM y M psina
(2a)
V' M2 +M2+2My M cosa
and
dE,
=0. (2b)
da

The simplest case for which dE, /da=0 is dE, /3a=0,
which requires, in the case that the single crystal is fixed
with respect to the field direction, 9E,z /0a=0 and
OE,r/8a=0; i.e., both E,; and E_; should be constant
with respect to a. If the single crystal is allowed to orient
itself with respect to the field direction, the two cases—
either E, or E ; is constant with respect to a—Ilead to
the condition 0E,/da=0. It is worth noting that the
condition dE, /da =0 cannot be satisfied even if the single
crystal is allowed to rotate freely in applied magnetic
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fields if both E,; and E, are not constant with respect
to a. However, for R-T compounds, E, is, in most
cases, at least one order of magnitude smaller than E, ; at
low temperatures. Therefore, in most cases, the T-
sublattice anisotropy can be neglected. If 9E, /da=0,
two equilibrium states can be determined by solving Eq.
(2b);

(I) sina=0, (3)
which corresponds with a=0° or 180°, i.e., M and My
either parallel (high fields) or antiparallel (low fields), and

(B /nR_T)z—MI% ""M%

(II) cosa= MM, . (4)

In this case, since —1=cosa =<1, two critical fields B,
and B, can be obtained:

B,=ng.rIMg—Mz|, (5)
below which My, is perfectly antiparallel to M, and

above which My is exactly parallel to M. In the
intermediate-field range between B, and B,, one obtains

m=-2_ )

np.T

with M, the measured magnetization, given by
M?*=M}+M2+2My M cosa . (8)

In the intermediate-field range, the magnetization de-
pends linearly on the field with a slope 1/ng . The
above description is illustrated in Fig. 1.3! In the present
paper, we have applied this method to determine ng_; for
the RFe (Mo, compounds with R=Dy, Ho, Er, and Tm.
However, one should keep in mind that the Fe-sublattice
anisotropy is neglected in the analysis presented above.
A more complex, therefore more general, calculation for
R-T compounds taking into account the 3d-sublattice an-
isotropy has been carried out by Zhao.’> A more extend-
ed analysis of the free-powder magnetization results for
RFe Mo, compounds with R =Dy, Ho, Er, and Tm,
taking into account the Fe-sublattice anisotropy, will be
published elsewhere.*?

In order to make it possible to compare the
intersublattice-magnetic-coupling strengths in various
R-T compounds, one may convert ng_; to the intersub-
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FIG. 1. Resultant magnetic moment of a free ferrimagnetic
R-T single crystal with zero T-sublattice anisotropy. The
dashed line gives the angle between the two magnetization vec-
tors (after Ref. 31).

lattice exchange constant J_; that is independent of the
number Z, r of T neighbors surrounding the R atoms
and that is expressed per (unit moment)? of a pair of R
and T atoms. npy_r is related to Jz_r appearing in the in-
teraction Hamiltonian H.,, =3 2Jz +Sg Sy via the ex-
pression?®
—1
I JR-TZR-Tz(gR ) ’ ©)
Nrupgr

where Zz_; is the number of nearest T neighbors to an R
atom (Zz_ =20 in RFe;yMo,), N is the number of T
atoms per formula unit (Ny=12 for RFe(Mo,), and gz
is the Landé factor of the R3* ion, which is listed in
Table II.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. YFe Mo, and GdFe,,Mo,

The compounds YFe;(Mo, and GdFe,(Mo, can be ex-
pected to exhibit very similar magnetic anisotropy since
Y is nonmagnetic and Gd is an S-state ion, so that these
two compounds can be considered as pure “3d com-
pounds,” in which only the Fe sublattice contributes to
the anisotropy. Both compounds have been reported to
exhibit uniaxial anisotropy.?

TABLE II. Intersublattice-molecular-field coefficients nz_r in units of Tf.u./up or Tm / A, the Landé
factor gz of R3*. The density d of RFe,sMo, is calculated from the lattice constants. Also given are
the experimental first critical field B . and the R-T exchange constant Jx_r of RFe;;Mo, compounds

with R representing Dy, Ho, Er, and Tm.

Compounds ng.r (Tfu./ug) ng.r (Tm/A4) 8r d (g/cm?) B expe (T) —Jr.r/k (K)
DyFe Mo, 5.74 8.13x1073 % 8.67 28.1 9.3
HoFe,(Mo, 3.73 5.33x1073 % 8.72 20.0 6.9
ErFe Mo, 2.38 3.42x1073 % 8.76 16.7 5.4
TmFe (Mo, 2.72 3.95x1073 % 8.80 15.8 5.7
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The temperature dependence of the ac susceptibility of
YFe (Mo, and GdFe Mo, has been measured from 4.2
to 300 K. No anomaly was detected, suggesting that the
EMD of the Fe-sublattice magnetization is parallel to the
¢ axis in this temperature range. Figure 2 shows the tem-
perature dependence of the anisotropy field B 4, of the two
compounds determined with the SPD technique. The
second-order anisotropy constant K; can be obtained by
K,=0.5MsB,. It is noted that the anisotropy in
YFe (Mo, reflects directly the Fe-sublattice anisotropy of
the RFe,(Mo, compounds. However, possibly because of
a noncollinear configuration of the Fe and Gd moments
in an external field, the anisotropy field of GdFe,,Mo,
shows a deviation. It is noted that such a deviation is
only pronounced in GdCos compounds** 3¢ and exists
very slightly in, e.g., Gd,Fe;,B,*”*® GdFe, Ti,® and
Gsze17.39

Compared to YFe,;Ti and GdFe,;Ti,? the values of B ,
of YFe,;,Mo, and GdFe (Mo, are rather small. The SPD
measurement confirms that the EMD in GdFe,(Mo, is
parallel to the ¢ axis in the whole temperature range of
magnetic ordering. However, in YFe,(Mo, the anisotro-
py field is detectable only below 150 K, much lower than
the Curie temperature of 317 K. A similar phenomenon
was reported by Christides et al.'>'* who proposed a
spin-glass-like transition. In fact, as shown in Fig. 3, an
anomaly in the temperature dependence of the magneti-
zation of YFe (Mo, does appear around 150 K. We are
not able to provide an explanation for this anomaly. The
high-field magnetization of YFe (Mo, at 4.2 K confirms
the uniaxial anisotropy (Fig. 4). The value of the spon-
taneous magnetization Mg of YFe (Mo, obtained by
linear extrapolation of the high-field (above 8 T) magneti-
zation to B =0 is listed in Table I. From My, the mean
Fe moment at 4.2 K was deduced to be 1.4uz/Fe. This
is very small compared to ‘other Y(Fe,M),, compounds,
for instance, 1.7ug/Fe atom in YFe;;Ti.® The small
values of Mg and B, for YFe,;Mo, lead to the con-

clusion that the Fe-sublattice anisotropy energy

~
£ 3.0 M’*\L .

<
a1]
- QX%Gd Fe, Mo,
2 2.0f 3, 1
Q.
2 L ®

o *w YFe Mo

U4 - -
2 1.0 \ 10¥°2
< *tans

0.0 .
0 200 400

Temperature (K)

FIG. 2. Temperature dependence of the anisotropy field B ,
of YFe (Mo, (@) and GdFe (Mo, (O) determined by the SPD
technique.
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FIG. 3. Temperature dependence of the magnetization of
RFeyMo, with R =Y, Pr, and Sm in an external field of 0.05 T.

(K1=0.5B 4My) is small in RFe;;Mo, compounds. The
low values of Mg and also of T- for YFe Mo, may be
due to the reduction of the interatomic Fe-Fe distance.*

B. Pl'FeloMOZ

Because of difficulties in preparing PrFe,,Mo, with the
tetragonal ThMn,, structure, there exists, to our
knowledge, no previous report on this compound. In the
present study, single-phase PrFe Mo, was obtained by
annealing as-cast PrFe;g)Mo, ingots at high temperature
(1373 K) for a long time (4 weeks). Because of the large
planar Pr-sublattice anisotropy in Pr(Fe,M),, com-
pounds,® the EMD of PrFe Mo, is expected to be of
basal-plane type at low temperatures. The temperature
dependence of the ac susceptibility (Fig. 5) and of the
magnetization (Fig. 3) does not reveal any anomaly up to
the Curie temperature, implying that the planar Pr-
sublattice anisotropy is stronger than the uniaxial Fe-
sublattice anisotropy over the whole temperature range
of magnetic ordering.

Magnetization measurements performed on magneti-
cally aligned PrFe,;Mo, at 4.2 K in fields applied parallel

N
v
]

N
o
o
|
1

Magnetization (ug/f.u.)
o
;N
|
=<

o
T
[+

RFe, Mo,
4.2 K

L)
16 L o NdF-‘OMo,_
1 1

0O 3 6 9

i 1 L

10 20 30 40
Magnetic Field B (T)

6]
T
1

o

o

FIG. 4. High-field magnetization at 4.2 K of magnetically
aligned YFe;yMo, and NdFe ,;Mo, with the field applied paral-
lel (@) and perpendicular (O ) to the alignment direction.
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FIG. 5. Temperature dependence of the real component ' of
the ac susceptibility of RFe;,Mo, compounds with R =Pr, Sm,
Tb, and Ho. The applied ac field was 5X107° T and the fre-
quency 1000 Hz.

and perpendicular to the alignment direction are shown
in Fig. 6. An anomalous increase of the magnetization is
found when the external field is applied perpendicular to
the alignment direction. As discussed above, the EMD in
PrFe;yMo, is in the basal plane over the whole tempera-
ture range of magnetic ordering. The magnetic align-
ment at room temperature ensures that the c axis is
within the plane perpendicular to the alignment direc-
tion. Therefore the anomaly observed when the external
field is perpendicular to the alignment direction can be
attributed to a FOMP-like transition occurring when the
external field is applied parallel to the c axis. The value
of the critical field B of this FOMP-type transition can
be determined from the maximum of the dM /dB versus
B curve.»?"*! From the shape of this curve, further in-
formation concerning the FOMP transition can be de-
duced.*! In addition, it is interesting that PrFe Mo, is

’3-‘ 25 T T T T
: PrFe, Mo
> 10792
» 20+ 0 .
4 L.
} 15 3 T T T T J
[ =4
K ] ¢B°r=5.971
£ 10} 2 1
N 3
3 sl N ]
o 4.2 K 0 5 10 15 20 25
= o 1 1 |8 (T)

0 5 10 15 20 25

Magnetic Field B (T)

FIG. 6. High-field magnetization at 4.2 K of magnetically
aligned PrFe (Mo, with the field applied parallel (@) and per-
pendicular (O) to the alignment direction. The large and small
dots represent the measurements obtained by employing “step-
wise” and continuous” field pulses, respectively. The inset
shows dM /dB vs B for determining the critical field B, of the
FOMP.

51 INTRINSIC MAGNETIC PROPERTIES OF RFe Mo, . ..

8259

the only Pr-containing tetragonal ThMn,, type of com-
pound that shows a FOMP-like transition at low temper-
atures. It is suggested that this FOMP-like transition is
due to the higher-order CEF terms of the Pr ion.

C. NdFe yMo,

Figure 7 shows the temperature dependence of the ac
susceptibility of NdFe;,Mo,. Like in NdFe,Ti,*% a
peaklike anomaly, indicating a spin-reorientation transi-
tion, is found at about 147 K. The temperature depen-
dence of the magnetization of NdFe Mo, in the temper-
ature range from 4.2 K to the Curie temperature shows
that this is the only spin reorientation detectable below
the magnetic-ordering temperature (Fig. 8). At room
temperature, the anisotropy field of NdFe Mo, as detect-
ed by the SPD technique is fairly small. This leads to a
bad magnetic alignment of the NdFe, Mo, powder,
which clearly can be seen (Fig. 4) in the magnetization of
magnetically aligned NdFe (Mo, with the field applied
parallel to perpendicular to the alignment direction.
Concerning the magnetization at 4.2 K of powders of
polycrystalline materials that have magnetically been
aligned at room temperature, three cases can be dis-
tinguished: (1) No change of the EMD occurs. In this
case, the low-field susceptibility measured with the field
applied parallel to the alignment direction is much lower
(near zero) than that measured with the field applied per-
pendicular to the alignment direction in the ranges of
both the fields up to the anisotropy field B ,. (2) The
EMD changes from the ¢ axis (room temperature) to a
cone (4.2 K). In this case, the values of the susceptibility
measured with field applied parallel or perpendicular to
the alignment direction are large and of comparable
value. If the values of the susceptibility measured with
the field parallel to the alignment direction are larger
than those measured with field perpendicular to the align-
ment direction, the cone angle at 4.2 K is larger than 45°
and vice versa. (3) The EMD changes from the ¢ axis
(room temperature) to the basal plane (4.2 K). This is the

6.0 T —

3
x', 10x" (m /kg)

0 100 200 300
Temperature (K)

FIG. 7. Temperature dependence of the real (x’') and imagi-
nary (") components of the ac susceptibility of NdFe,(Mo,.
The applied ac field was 5X 107° T and the frequency 1000 Hz.
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FIG. 8. Temperature dependence of the magnetization of
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reverse case of (1). According to these considerations,
the magnetization of the magnetically aligned
NdFe (Mo, samples leads to the conclusion that the spin
reorientation occurring in NdFe,,Mo, corresponds to a
change of the EMD from the c axis (7 > 147 K) to a cone
(T <147 K). Similar to what has been found in
NdFe,,Ti,} the spin reorientation detected in NdFe, Mo,
is likely to be due to a temperature-induced competition
among the different CEF terms of the Nd ion.

D. SmFe;;Mo,

A FOMP-like transition in SmFe;(Mo, at low tempera-
tures has been reported earlier.’® The magnetic anisotro-
py of SmFe,;(Mo,, which is the largest of all RFe ;,Mo,
compounds, is mainly due to the large uniaxial anisotro-
py of the Sm ions which ensures that the EMD of
SmFe,,Mo, is parallel to the ¢ axis at low temperature.
The temperature dependence of the ac susceptibility (Fig.
5) and of the magnetization (Fig. 3) of SmFe;;Mo, give
no evidence of a change of the EMD up to the Curie tem-
perature. The magnetization of magnetically aligned
SmFe,;;Mo, samples was measured at 4.2 K with the field
parallel and perpendicular to the alignment direction
(Fig. 9). An anomalous increase of the magnetization is
observed when the field is applied perpendicular to the
alignment direction. The field Bg where the magnetiza-
tion changes most rapidly is determined by the maximum
in the dM /dB versus B curve (inset of Fig. 9). Such an
“anomalous increase” of the magnetization at low tem-
peratures is a common feature of Sm-containing ThMn,,
type of compounds.*®%1742 However, there are many
different suggestions concerning the physical origin of
this transition.® For SmFe,;Ti, measurements on single
crystals*? have shown that the anomalous increase found
in the magnetization curve when an external field is ap-
plied perpendicular to the c¢ axis is not a FOMP, but a
fast continuous rotation of the magnetic moment under
the action of the external field. For SmFe;yMo,, the same

aligned SmFe;;Mo, with the field applied parallel (@) and per-
pendicular (O) to the alignment direction. The large and small
dots represent the measurements obtained by employing “‘step-
wise” and ‘“‘continuous” field pulses, respectively. The inset
shows dM /dB vs B for determining the critical field By.

behavior as in SmFe;Ti may be expected.

The difference in the dM /dB versus B curves for
SmFe,;,Mo, (inset of Fig. 9), PrFe Mo, (inset of Fig. 6),
HoFe,;\Mo, (inset of Fig. 16), and ErFe,;Mo, (inset of
Fig. 18) is evident. However, the details of the physical
origin of the anomaly found in SmFe Mo, cannot be
provided until magnetization measurements on a single
crystal of SmFe (Mo, are available. The temperature
dependence of the anisotropy field B, and of Bg of
SmFe (Mo, has been determined by the SPD technique
(Fig. 10). From these measurements, it follows that the
onset of this anomalous increase of magnetization of
SmFe,,Mo, is at about 150 K.

E. TbFe 10M02

In TbFe,;Ti and TbFe yV,, spin-reorientation transi-
tions have been detected.®*’ The temperature dependence
of the ac susceptibility of TbFe Mo, shows no indication
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o 6 | X, ‘{o 4
c o o°
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Q
o — 1
0 200 400

Temperature (K)

FIG. 10. Temperature dependence of the anisotropy field B ,
and of Bs of SmFe;(Mo,.



of a change of the EMD in the temperature interval from
4.2 to 300 K (Fig. 5). However, because of the basal
plane of anisotropy of the Tb sublattice, one would ex-
pect a spin-reorientation transition at higher tempera-
ture, caused by the competition between the uniaxial Fe-
sublattice anisotropy (less temperature dependent) and
the Tb-sublattice anisotropy (more temperature depen-
dent). In order to detect this possible spin-reorientation
transition, the temperature dependence of the magnetiza-
tion of TbFe;)Mo, was also measured (Fig. 11). Howev-
er, no indication of a spin reorientation was found. This
may be understood to be a consequence of a too small
uniaxial Fe-sublattice anisotropy (see Sec. IV A) to com-
pete with the planar Tb-sublattice anisotropy, which sug-
gests that the EMD in TbFe,,Mo, is in the basal plane at
all temperatures below the magnetic ordering tempera-
ture.

Figure 11 shows, with TbFe,(Mo, as an example, the
importance of the annealing process in obtaining the
tetragonal ThMn,,-type RFe (Mo, compounds. One of
the samples (a) was annealed at 1373 K for 2 weeks and
other (b) for 4 weeks. The experimental result on the
latter sample suggests that this sample has obtained the
desired homogeneous ThMn,, phase. The less-annealed
sample is a mixture of TbFe;,_,Mo, with various x. It
should be stated that it is a common feature of all the
RFe,;Mo, samples studied that the ThMn,, structure can
only be obtained by annealing at high temperature for a
long time. It is interesting that no large differences are
detected in the x-ray-diffraction patterns of these two
samples. In addition, a rather broad homogeneity range
is proposed in R-Fe-Mo alloys and only well-annealed
samples can be considered as compounds. This might be
the origin of the various different experimental results
published on the R(Fe,Mo), series.

Magnetization measurements on fine TbFe; Mo,
powders, loaded loosely into the sample holder, in fields
up to 35 T show no indication of the decoupling of the
ferrimagnetically coupled Tb- and Fe-sublattice mo-

Magnetization (ug/f.u.)

o] 200 400 600
Temperature (K)
FIG. 11. Temperature dependence of the magnetization of a

TbFe,\Mo, sample annealed at 1373 K for (a) 2 weeks and (b)
another for 4 weeks. The applied field was 0.05 T.
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ments. This suggests that the field strength of 35 T is not
high enough to decouple Tb and Fe moments in
TbFe,(Mo,.

F. DyFe,(Mo,

Dy-containing ThMn,, type of compounds have been
reported to show more than one spin reorientation.®”% A
complex variation of the EMD with temperature is pro-
posed for DyFe,;Ti and DyFe,,Cr, between 4.2 and 300
K.”** In the present study, only one spin-reorientation
transition has been detected for DyFe,(Mo, at 137 K
both in the temperature dependence of the ac susceptibil-
ity (Fig. 12) and of the magnetization (Fig. 8). From the
magnetization of magnetically aligned DyFe,(Mo, shown
in Fig. 13 (see also the discussion in Sec. IV C), it is con-
cluded that the EMD changes from the ¢ axis at high
temperature (7 > 137 K) to a cone at low temperature
(T'<137 K). The magnetization of fine DyFe,(Mo,
powder, loaded loosely into the sample holder, was mea-
sured at 4.2 K in fields up to 35 T. At high fields, the
magnetization exhibits a strong increase (Fig. 14) which
corresponds to the departure of the Dy and Fe moments
from the ferrimagnetic structure. From the magnetiza-
tion behavior in the highest fields, a value for the
intersublattice-molecular-field  coefficient ngz ; in
DyFe,,Mo, can be estimated, which is listed in Table II
together with the corresponding value for Jg_;.

G. HoFe (Mo,

The temperature dependence of the ac susceptibility
(Fig. 5) and of the magnetization (Fig. 15) does not sug-
gest any spin reorientation to occur in HoFe;yMo,. The
magnetization of magnetically aligned HoFe,;;Mo, at 4.2
K shows an anomalous increase around 2 T when the
field is applied perpendicular to the alignment direction
(Fig. 16). Such an anomaly has been found in other Ho-
containing ThMn,, compounds as well®>** and may be at-

2-5 T T
DyFemMo2

x, 10x" (10_4 ms/kg)

0 100
Temperature (K)

200 300

FIG. 12. Temperature dependence of the real (') and imagi-
nary (x”') components of the ac susceptibility of DyFe;oMo,.
The applied ac field was 5X 107> T and the frequency 1000 Hz.
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FIG. 14. High-field magnetization at 4.2 K of fine powder,
loaded loosely into the sample holder, of RFe,(Mo, compounds

with R =Dy, Ho, Er, and Tm.
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FIG. 15. Temperature dependence of the magnetization of
RFe (Mo, compounds with R =Ho, Er, and Tm. The applied

field was 0.05 T.

Magnetic Field B (T)

FIG. 16. High-field magnetization at 4.2 K of magnetically
aligned HoFe (Mo, with the field applied parallel (@) and per-
pendicular (O) to the alignment direction. The large and small
dots represent the measurements obtained by employing “step-
wise” and “continuous” field pulses. The inset shows dM /dB vs
B for determining the critical field B, of the FOMP.

tributed to a FOMP-type transition. The value of the
critical field of the FOMP can easily be determined from
the maximum in the dM /dB versus B curve (inset of Fig.
16). The magnetization of fine HoFe (Mo, powder, load-
ed loosely into the sample holder, was measured at 4.2 K
in fields up to 35 T (Fig. 14). From the magnetization
behavior in high fields, a value for the intersublattice-
molecular-field coefficient ngz_r in HoFe (Mo, has been
estimated, which is listed in Table II together with the

corresponding value for Jg_.
H. ErFe,(Mo,

In the ac susceptibility of ErFe,(Mo, (Fig. 17) and also
in the magnetization (Fig. 15), very pronounced
anomalies are detected around 180 K. The peak at 289 K
in the ac susceptibility corresponds to the Curie tempera-
ture. The magnetization behavior of magnetically
aligned ErFe (Mo, in fields parallel and perpendicular to
the alignment direction indicates a change of the EMD
between 4.2 and 300 K (Fig. 18). A FOMP type of transi-
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FIG. 17. Temperature dependence of the real (') and imagi-
nary (x"') components of the ac susceptibility of ErFe;oMo,.
The applied ac field was 5X 10> T and the frequency 1000 Hz.
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pendicular (O) to the alignment direction. The large and small
dots represent measurements obtained by employing “‘stepwise”
and “continuous” field pulses, respectively. The inset shows
dM /dB vs B for determining the critical field B, of the FOMP.

tion is found in the magnetization of magnetically aligned
ErFe (Mo, when the field is applied parallel to the align-
ment direction. Considering these two observations, we
conclude (see also the discussion in Sec. IV C) that a spin
reorientation occurs in ErFe Mo, and that the EMD at
4.2 K has an angle larger than 45° with respect to the ¢
axis. However, it is difficult to conclude whether the
EMD at 4.2 K lies on a cone or in the basal plane. From
a theoretical point of view, it would be hard to under-
stand if the EMD would be in the basal plane. In terms
of CEF calculations,®” %% the net anisotropy of the Er
ion in ErFe;Mo, originates from the combined interac-
tions of the CEF and the exchange field experienced by
the Er ion. The exchange field is isotropic, whereas the
CEF consists of three main contributions: the second-,
fourth-, and sixth-order CEF terms. In the presence of a
strong exchange field, the second-order CEF term BY0S,
where Bg <0, shows no extreme (neither a maximum nor
a minimum) as a function of the angle between the ¢ axis
and the magnetization, leading to an EMD parallel to the
¢ axis. The fourth-order CEF term B30}, where B} <0,
shows a minimum at 0°, leading to an EMD parallel to
the ¢ axis. The sixth-order CEF term B20Y, where
Bg >0, shows a minimum at 30°, leading to an EMD tilt-
ed 30° with respect to the ¢ axis. The values of BY, BY,
and Bg were estimated from Ref. [8]. In addition, the
higher-order CEF terms change faster with temperature.
The actual EMD depends on the competition between
these CEF terms as they vary with temperature. In the
case of ErFe,;,Mo,, the sixth-order CEF term is suggested
to be dominant at 4.2 K, which leads to an EMD tilt of
nearly 30° with respect to the ¢ axis. This is smaller than
derived from the experiments. However, from this dis-
cussion, even though it is qualitative, it is clear that at 4.2
K the EMD in ErFe, (Mo, cannot be within the basal
plane. It is worthwhile to note that without a detailed
study of the magnetization on an ErFe (Mo, single crys-
tal, we are not able to provide an exact explanation for
the spin reorientation detected in ErFe,,Mo,. The mag-
netization of fine ErFe (Mo, powder, loaded loosely into

Temperature (K)

FIG. 19. Temperature dependence of the real (x') and imagi-
nary (¥"') components of the ac susceptibility of TmFe;Mo,.
The applied ac field was 5X 10~ T and the frequency 1000 Hz.

the sample holder, in fields up to the 35 T, is shown in
Fig. 14. From the magnetization behavior in high fields,
a value for the intersublattice-molecular-field coefficient
ng_r in ErFe (Mo, has been estimated, which is listed in
Table II together with the corresponding value for Jg_r.

I. TmFe loMOz

For TmFe(Mo,, similar to ErFe;yMo,, a pronounced
anomaly is detected at about 166 K both in the tempera-
ture dependence of the ac susceptibility (Fig. 19) and of
the magnetization (Fig. 15). Since the Curie temperature
of TmFe (Mo, (261 K) is below room temperature, mag-
netic alignment at room temperature is not effective and
magnetization measurements on magnetically aligned
samples give no information concerning the change of the
EMD. Since the three CEF parameters B9, BS, and BY,
estimated from the study of TmFe,;Ti,® are all negative
in sign, the second-, fourth-, and sixth-order CEF terms
contribute a c-axial anisotropy to the net anisotropy. No
spin-reorientation transition is expected in TmFe ,(Mo,.
However, the experimental result is very similar to that
on ErFe,,Mo,, suggesting that the CEF experienced by a
Tm>* ion in TmFe,;;Mo, may be different from that in
TmFe,;Ti. The experimental suggests that the EMD in
TmFe;(Mo, changes from the ¢ axis above 166 K to a
cone configuration below 166 K. The magnetization of
fine TmFe,;yMo, powder, loaded loosely into the sample
holder, was measured at 4.2 K with fields up to 35 T (Fig.
14). From the magnetization behavior in high fields, a
value for the intersublattice-molecular-field coefficient
ng.r in TmFe Mo, has been estimated, which is listed in
Table II together with the corresponding value for J_7.

V. SUMMARY AND CONCLUSIONS

In the present paper, a systematic study of the magnet-
ic properties of tetragonal ThMn;,-type RFe,(Mo, com-
pounds has been presented. Spin reorientations have
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been detected in the compounds with R =Nd, Dy, Er,
and Tm. In the compounds with R =Pr, Ho, and Er, a
FOMP-like transition is found at low temperatures. The
anomalous increase of magnetization of SmFe Mo, at
low temperatures is suggested to be a fast continuous ro-
tation of the magnetic moment under the action of an
external field, rather than a FOMP type of transition. A
diagram representing the variation of the EMD with tem-
perature for each RFe,;Mo, compound studied is
presented in Fig. 20.

Compared to other R(Fe,M);, compounds, the
RFe (Mo, series is anomalous in several respects: First
of all, in order to stabilize RFe,;;Mo, compounds, anneal-
ing at a high temperature for a long time is necessary.
The Curie temperatures and the magnetization values of
RFe Mo, are lower than for the other RFe;M,
(M=V,Cr,W, ...) compounds. The anisotropy field of
YFe,;Mo, is only detectable below 150 K, far below the
Curie temperature. PrFe,,Mo, is the only Pr-containing
ThMn,, type of compound that shows a FOMP type of
transition at low temperature. TbFe;(Mo, is the only
Tb-containing ThMn,, type of compound that does not
show a spin reorientation. ErFe; )Mo, is the only Er-
containing ThMn,, type of compound that shows a
FOMP-like transition when the field is applied parallel to
the alignment direction. TmFe,(Mo, is the only Tm-
containing ThMn,, type of compound that exhibits a spin
reorientation.

From the values of Jy_  listed in Table II, it follows
that the R-T coupling strength in ferrimagnetic
RFe Mo, compounds has a clear tendency to decrease
with increasing atomic number Z of the R ions. Beloriz-
ky et al.*? have explained this reduction in terms of the
strong decrease of the radius of the 4f shell with increas-
ing Z which is accompanied by a reduced 4f-5d interac-
tion. From atomic calculations by Brooks et al.*™*% and
by Li, Li, and Coey,“9 it was derived that the values of
the exchange integral J,; 5, decreases from Ce to Yb. An
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FIG. 20. Magnetic-anisotropy diagram for the RFe;Mo,
compounds.

extension of the free-powder magnetization measure-
ments to higher fields (38 T), and an analysis of the occur-
ring deviation from exact linear behavior of the magneti-
zatic3)§1 in the high-field regime are presently being carried
out.
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