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Magnetic phase transitions, magnetocrystalline anisotropy, and crystal-field interactions
in the RFe»Ti series (where R =Y, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, or Tm)
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A systematic investigation of the intrinsic magnetic properties of RFe» Ti compounds with R =Y, Pr,
Nd, Sm, Gd, Tb, Dy, Ho, Er, and Tm has been performed by means of ac susceptibility measurements,
singular-point-detection techniques, and high-field magnetization measurements. Spin-reorientation
transitions were observed in RFe» Ti with R =Nd (Tsz =189 K), Tb (Ts~ =339 K), Dy (Ts~, =214 K
and Tszz =98 K), and Er (Tsz =48 K). First-order magnetization processes of type I for R =Nd and Er
and of type II for R =Ho and Tm were detected at low temperatures. The uniaxial magnetocrystalline
anisotropy fields of the whole RFe»Ti series have been determined in a wide temperature interval from
4.2 K to the Curie temperatures. It is deduced that the "anomalous increase" in the magnetization curve
of SmFe»Ti for the external field perpendicular to the c axis is not a first-order magnetization process,
but a continuous rotation of the magnetic moment under the action of the external field. The observed
magnetic phase transitions, the spin-reorientation transitions, and the first-order magnetization process-
es in the RFe» Ti compounds are well described in terms of a crystal-field description in which the rare-
earth sublattice (R) and transition-metal sublattice (T) exchange interaction is included. A set of
crystalline-electric-field parameters as well as the values for the R -T exchange field are deduced for the
whole RFe» Ti series from fitting the experimentally obtained values of the anisotropy field, the critical
field for the first-order magnetization process, and the spin-reorientation temperature with the calcula-
tions in the present systematic study. Magnetic anomalies are observed in the temperature dependence
of the ac susceptibility of the RFe» Ti compounds with R =Nd, Sm, Er, and Tm. They are shown to be
connected with domain-wall motion.

I. INTRODUCTION

After the discovery of permanent magnets based on the
ternary compound Nd2Fe&4B, the recent trend in the
search for new magnetic materials has turned to ternary
systems of the types rare-earth —transition-metal-
metalloid or rare-earth —transition-metal —transition-
metal. Among these systems the R(Fe,Ti)&2 series has at-
tracted considerable attention.

Many investigations of the intrinsic magnetic proper-
ties of R(Fe,Ti) &2 compounds have been reported, mostly
on polycrystalline samples, but also in some cases on sin-
gle crystals e.g. , of the compounds with R =Sm, '

Dy, Er, and Lu. The RFe» Ti compounds crystallize
in the tetragonal structure with the space group of
14/mmm. In this structure, the rare-earth ion occupies
the 2a crystallographic site, and the Fe and Ti ions pref-
erentially occupy three crystallographically inequivalent
sites, the 8i, Sj, and Sf sites. The Sj and 8f sites are al-
most fully occupied by Fe ions. Therefore, the RFe&&Ti
compounds can be regarded as ternary compounds.

Considerable confusion exists about the types of mag-
netic structures occurring in the various RFe&&Ti com-
pounds at various temperatures and about the nature of
the field-induced magnetic phase transitions. In the
present paper, a systematic investigation of the

temperature- and field-induced magnetic phase transi-
tions in RFe»Ti compounds is presented. Particular at-
tention is given to the study of the temperature depen-
dence of the magnetocrystalline anisotropy, which hither-
to has not been studied in much detail.

From the application point of view, the RFe&&Ti sys-
tem is not very promising. Only the Sm compound has
strong uniaxial anisotropy. However, the coercivity real-
ized is, so far, disappointing. ' From a fundamental
point of view, this series provides a very nice opportunity
to study the crystalline-electric-field (CEF) effect in RT-
intermetallic compounds. The reasons are as follows.
Firstly, the contribution to the net anisotropy of RFe&

&
Ti

from the Fe sublattice favors the c axis and the value is
large. Secondly, there is only one rare-earth site in the
ThMn&z structure, which provides the simplest case of
the CEF e6'ects on the rare-earth ion. Thirdly, the con-
tribution to the net anisotropy of RFe&&Ti from the R
sublattice is not completely predictable if we only take
into account the second-order CEF term. The contribu-
tion to the net anisotropy from the fourth-order as well as
the sixth-order CEF terms is significant. From the CEF
calculation it follows that the fourth-order or sixth-order
CEF terms lead to easy magnetization directions (EMD)
that deviate from the c axis. Therefore, temperature-
induced magnetic-phase transitions, like spin reorienta-
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tions or anomalous magnetic processes, e.g. , POMP's, are
expected to occur in these compounds. The occurrence
of these transitions poses strong limitations on the values
of the CEF parameters. Therefore, a reliable set of the
CEF parameters and R -T exchange fields can be derived
by fitting the experiments with CEF calculations.

The present paper is organized as follows. In Sec. II
the experimental procedures are described in detail. In
Sec. III the details are given of the CEF calculations in
which the combined interaction of the crystalline electric
field and the R-T exchange field has been taken into ac-
count. In Sec. IV the experimental and the calculation
results are presented. Each compound is discussed sepa-
rately. A summary and some general conclusions are
presented in Sec. V.

II. EXPERIMENTAL DETAILS

Polycrystalline RFe»Ti ingots with R =Y, Pr, Nd,
Sm, Gd, Tb, Dy, Ho, Er, and Tm were prepared by in-
duction melting of appropriate amounts of the starting
materials of at least 99.9 wt% purity. The ingots were
remelted at least four times in order to achieve homo-
geneity. Weight losses during the melting due to eva-
poration of the rare-earth element were compensated by
starting with an excess of 3 wt % R (with respect to the R
content). The ingots were wrapped in Mo foil and sealed
in quartz tubes filled with helium gas after having been
evacuated. Subsequently, the compounds with R =Y,
Gd, Dy, Tb, Ho, Er, and Tm were annealed at 1173 K for
three weeks. The compounds with R =Pr, Nd, and Sm
were annealed at 1373 K for three weeks. In order to
avoid possible crystallographic phase transitions during
the cooling, the samples were water quenched. The an-
nealed samples were checked by x-ray diffraction and op-
tical microscopy. It was found that all the samples are
single phase with the expected tetragonal structure, ex-
cept PrFe&

&
Ti, which contains a few percent Fe and FezTi

as impurity phases. The lattice constants a and c were
determined from the x-ray diffraction patterns by means
of the [301], [002], [222], [312], [510], [422] rejections
(Fig. 1). Magnetically aligned samples were prepared by
fixing powder particles aligned at room temperature in a

8.6

field of 1 T with a resin-doped epoxy solution.
The temperature dependences of the real component

(y') and the imaginary component (g") of the ac suscep-
tibility were measured in order to determine the onset
temperatures of the magnetic phase transitions. These
measurements allow an unambiguous determination of
the onset temperature of the magnetic phase transition
caused by the change of the anisotropy energy. For high-
ly anisotropic materials like the RFe»Ti compounds, the
value of g is mainly determined by the magnetic anisot-
ropy energy and the domain-waH energy. The value of
g" reAects the energy absorption by the sample, which
mainly arises from the domain-wall movement. In these
compounds, the energy absorption due to eddy currents
is negligible. An ac susceptometer (Lake Shore, model
7000) was used, which can be operated in the temperature
range 4.2 —300 K with ac fields from 0.4 to 800 A/m and
frequencies from 5 to 1000 Hz. In the present investiga-
tion, a field of 40 A/m and a frequency of 1000 Hz were
used. The onset temperature of a first-order magnetic
phase transition is reAected as a kink in the g' vs the T
curve. In the case of a second-order magnetic phase tran-
sition, the onset temperature can be identified as the tem-
perature where dg'/dT achieves a minimum. Above 300
K, the spin-reorientation transitions in RFe» Ti com-
pounds were detected by measurement of the tempera-
ture dependence of the magnetization in a Foner
vibrating-sample magnetometer.

The anisotropy fields of the bulk polycrystalline sam-
ples were determined by means of the singular-point-
detection (SPD) technique. " ' This method was also
used to determine the critical field of the first-order mag-
netization process (FOMP). ' ' The measurements
were performed in a pulsed-field facility, which is divided
into two subsystems. One system can be operated from
4.2 to 300 K with a maximum field of 30 T. The mea-
surements in this system were carried out with decreasing
temperature on aligned samples with the field applied
perpendicular to the alignment direction. The other sys-
tem can be operated from 300 to 1000 K with a max-
imum field of 28 T. The measurements in this system
were carried out on polycrystalline material. The system
was calibrated with a spherical single crystal of Ba fer-
rite, which has an anisotropy field of 1.68 T and a satura-
tion magnetization of 1.48 T. '

The magnetization in very high fields was measured at
4.2 K in the Amsterdam High-Field Installation in which
semicontinuous fields up to 40 T can be generated. '

8.5 III. METHOD OF CALCULATION
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FIG. 1. Lattice constants a and c of RFe» Ti compounds.

In the presence of an external field B, the Hamiltonian
of the magnetic R ion in RFe» Ti compounds can be ex-
pressed as

&=AL S+&cE„+2p~S.B,„,h+p~(L+2S). B,
where k is the spin-orbit coupling constant; I. and S are
the total orbital and spin angular momenta, respectively;
pz is the Bohr magneton; B,„,h is the exchange field due
to the Fe sublattice acting on the 4f spin.
represents the crystal-field Hamiltonian which in the
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tetragonal symmetry of the ThMn, 2 structure can be
written as

&CEF=A~C2+A4C4+A4(C4+C~ )

+ A6C6+ A6(C6+C6 ), (2)

where A„and C„are the CEF parameters and the ten-
sor operators, respectively.

The matrix elements of Eq. (1) have been calculated by
means of the irreducible tensor operator technique. '

For a given applied field B and a direction of B„,I„ the ei-
genvalues E„and eigenfunctions

~
n ) [n = 1,2, . . . ,

QJ (2J+1)] are obtained by diagonalizing the
QJ(2J+1) X QJ (2J+1) matrix of Eq. (1). The diago-
nalization is carried out within the subspace of only the
ground-state J multiplet for the heavy-R ions, and within
the subspace consisting of the ground-state and the first
excited-state J multiplets for the Pr and Nd ions with
A, =620 and 536 K, respectively, and within the subspace
consisting of the ground-state and the two lowest
excited-state J multiplets for the Sm ion with A, =410 K.
The free energy is given by

F(T,B,B,„,z)= —k&T lnZ+K&'sin 9F,—MF, .B,
Z = g exp( E„Iks T), —

(3)

(4)

where K&' and MF, are the magnetic anisotropy constant
and the magnetic moment of the Fe sublattice per formu-
la unit, respectively. B,„,„(T) is assumed to be propor-
tional to and is antiparallel to M„,(T). The values of
K&'(T) and MFE(T)IMF, (0) are assumed to be the same
as those in YFe» Ti after scaling the different Curie tem-
peratures. The values of K&' for YFe»Ti at various tem-
peratures were deduced from the formula K&

'
=MF,B, /2, whereas the values of 8, were determined
by the SPD technique after correcting for the demagneti-
zation field (Fig. 2). The obtained value of K&' is 23.2
K/f. u. at 4.2 K. The experimental values for M„, in
YFe»Ti at various temperatures were taken from the
literature.

The equilibrium direction of MF„ for given applied
field B and temperature T, can be determined by mini-
mizing the free energy F(T,B,B,„d,). The magnetic mo-
ment of the R ion is given by

exp( E„—Ik~ T)
Mz ( T) = g —p s( n~ (L +2S)

~
tt),(&)z

The total magnetization of the RFe»Ti compound is
given by

M(T, B)=M~(T)+MF,(T) .

It should be noted that the calculation method de-
scribed above has been used by many researchers in cal-
culating the magnetization curves of rare-earth com-
pounds, as e.g. , by Hu et al. , Li et al. , and Moze
et al. in R(Fe,Ti)&2 compounds and Yamada et al. ' in
R 2Fe,4B compounds.

From the above description it follows that the M( T, B)
curves along different crystallographic directions can be
calculated if the values of the CEF parameters A„and
the R-T exchange field B„,b are known. In the present
paper, a set of 3, and B„,z values has been determined
by fitting the calculations to the experimental data. In
doing this, with only data on polycrystalline samples be-
ing available, particular emphasis has been given to fit the
calculations to the experimental values for the anisotropy
field B„ the critical field of the FOMP B„and spin-
reorientation temperature TsR.

IV. RESULTS AND DISCUSSION

In the R-T intermetallic compounds, the contribution
to the net anisotropy from the R sublattice generally
dominates at lower temperatures, whereas the T-
sublattice anisotropy dominates at high temperatures.
Also, the R-sublattice anisotropy decreases much faster
with increasing temperature than the T-sublattice anisot-
ropy. In RFe»Ti compounds, the Fe-sublattice anisotro-
py favors the c axis at all temperatures up to the Curie
temperature. The easy magnetization direction (EMD) of
the R sublattice depends on the CEF interaction and the
exchange field experienced by the R ion. If we consider
only the second-order CEF term, it can be deduced that
the Sm, Er, and Tm sublattices have a uniaxial contribu-
tion to the net anisotropy, whereas the remaining mag-
netic R ions have planar contributions to the net anisot-
ropy. Therefore, many temperature-induced changes of
the EMD are expected in RFe&

&
Ti, either due to the

temperature-induced competition between the R- and the
Fe-sublattice anisotropies or due to temperature-induced
changes in the R-sublattice anisotropy only.

A. YFe» Ti and GdFe» Ti
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FIG. 2. Temperature dependence of the anisotropy field B,
of YFel 1

Ti () and GdFe&1Ti (0 ) determined by the SPD tech-
nique.

The compounds YFe» Ti and CsdFe&
&
Ti exhibit very

similar anisotropy behavior, because Y is nonmagnetic
and Gd is an S-state ion. Therefore, these two com-
pounds can be considered as pure "3d compounds", in
which only the Fe sublattice contributes to the anisotro-
py. Both compounds, YFe»Ti and GdFe»Ti, are report-
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ed to exhibit uniaxial anisotropy. The temperature
dependence of the anisotropy field 8, and anisotropy
constant E, of YFe»Ti has been determined by Moze
et al. and Coey in the temperature range 77-300 K.

The temperature dependence of the ac susceptibility of
YFe»Ti and GdFe»Ti as investigated in the present
study does not show any anomaly between 4.2 and 300 K,
suggesting that the EMD of the 3d-sublattice magnetiza-
tion remains unchanged in this temperature range. Fig-
ure 2 shows the temperature dependence of the anisotro-
py field for YFe» Ti and GdFe» Ti as determined by the
SPD technique. These measurements confirm that the
EMD in these compounds is along the c axis, and show
this to be the case up to the magnetic ordering tempera-
ture.

4

I

50 100 150 200
Temperature (Kl

I

250 300

B. PrFe»Ti
FIG. 3. Temperature dependence of g' of RFe»Ti with

R =Pr(O ), Sm(A ), Tb(), Ho( ~ ), and Tm( ).

Due to the diSculty in preparing PrFe»Ti with the
tetragonal ThMn&z structure, not many reports on the
magnetic properties of PrFe» Ti are available in the
literature. The EMD of PrFe»Ti at room temperature
has been determined to be within the basal plane by
means of x-ray diffraction on a magnetically aligned sam-
ple and a Curie temperature of 530 K has been report-
ed. This means that at room temperature the Pr-
sublattice anisotropy dominates the uniaxial Fe-sublattice
anisotropy.

In the present study, it was found that by annealing for
three weeks at 1373 K almost single-phase PrFei, Ti with
the tetragonal ThMn, 2 structure could be prepared with
only a few percent of Fe2Ti and Fe as impurity phases.
The temperature dependence of the ac susceptibility
shown in Fig. 3 does not reveal any anomaly between 4.2
and 300 K, suggesting that the EMD of PrFe»Ti remains
within the basal plane in this temperature interval. How-
ever, it can be expected that the planar Pr-sublattice an-
isotropy decreases much faster with increasing tempera-
ture than the uniaxial Fe-sublattice anisotropy. There-
fore, a spin-reorientation transition from the basal plane
to the c axis may be expected above room temperature.
In order to investigate this, the temperature dependence
of the magnetization was measured from 4.2 up to 800 K
in a low external field of 0.005 T. However, no spin reori-
entation could be detected, indicating that the planar an-
isotropy of the Pr sublattice dominates the uniaxial an-
isotropy of the Fe sublattice up to the Curie temperature.

The absence of any change of the spin configuration in
PrFe»Ti enables us to establish that the value for the
CEF parameter 3 2 should obey 2 z

( —100 K (Table I).
For the values of 3 2 larger than this value, a spin reori-
entation is calculated which is not corroborated by the
experiments.

C. NdFe»Ti

In NdFe&
&
Ti, a spin reorientation from a low-

temperature cone structure to high-temperature c-axis
anisotropy has been reported around 190—200 K,

Figure 4 shows the temperature dependence of the real
g' and imaginary g" components of the ac susceptibility
of NdFe»Ti. The pronounced anomalies just below 200
K are indicative of a second-order phase transition. The
temperature of the phase transition, defined as the tem-
perature where the first derivative of g' reaches a
minimum, is found to be 189 K. Since above this temper-
ature NdFe» Ti exhibits uniaxial anisotropy, the oc-
currence of a second-order phase transition necessarily
implies that a magnetic cone structure becomes stable
below the spin-reorientation temperature. Less pro-
nounced anomalies are found in g' and y" around 240 K.
In order to investigate the physical origin of this behav-
ior, the ac susceptibility was measured on magnetically
aligned NdFe»Ti, with the field applied parallel or per-

TABLE I. The CEF parameters A„and the R-T exchange field 2p~B,„,.h (in units of K) and the
magnetic moment of the Fe sublattice M„, (in units of p& /f. u. ) at 0 K for the RFe» Ti series.

Compounds

PrFe» Ti
NdFe» Ti
SmFe» Ti
TbFe1 l Ti
DyFe» Ti
HoFe» Ti
ErFe» Ti
TmFe&1Ti

PB exch

750
600
460
335
320
310
300
290

—100
—90

—260
—49
—45
—42
—40
—30

W4'

0
—160

0
—55
—50
—35
—30
—40

W44

0
120

0
85
80
40
30
50

0
60

800
135
120
100
90
90

W4, MF,

19.30
19.30
20.30
20.20
20.10
19.80
19.60
19.40
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Temperature dependence of y'( ~ ) dan y (0) of

ing to note that this is the first corn d f hcompoun of the
e, &2 type in which a FOMP is observed with the

field app1ied along the c direction. The magnetization
curves for the field aes or e e applied along various crystallographic

the value for the exchange field tabulated in Table I, are
in ig. . e experimentally observed anomaly

th
in t e magnetization is found as a FOMP transition of
type in the magnetization for the field along the [001]
direction. The calculated value of B„ue o „equals 2.7 T
w ich, considering the presence of a demagnetizing field,
is in good agreement with the experimental value of 3.2
T. The calculated value for the spin-reorientation tem-
perature TsR equals 187 K and the calculated zero-
temperature value for the cone 1 8, be ang e, etween the
EMD and the c axis equals 53.9 (Fig. 21 and Table II

pendicular to the alignment direction. In this experiment
it was found that the anomalous b hus e avior is most pro-
nounced if the field is applied parallel to the alignment
direction. From this, it can be concluded that the anom-
a ous behavior is due to domain-wall motion excited by
t e ac field. This will be discussed in more detail in the
section on TmFe» Ti.

At 4.2 K th
NdFe Ti Fi

, the magnetization of magneticall 1 dy aigne
e» i ( ig. 6) exhibits anomalous behavior in the

ow-field region if it is measured with the field parallel to
the a ignment direction. This anomalous behavior be-
comes more manifest if the first derivative of the magneti-

ig. . is suggestszation is considered (see inset in Fi . 6) Th'
t at this phenomenon is associated with a FOMP. As e-
scribed earlier, the value of the critical field B„ofthe
FOMP is given by the maximum of dM/dB, which in the
present measurement on NdFe»Ti is located at 3.2 T.
The temperature dependences of B„and of the anisotro-

py fie d B, in NdFe» Ti have been measured b m fy means o
e tec nique. The temperature dependences of B„

and B~ are given in Fig. 5. The FOMP transitions, which

wit the field applied parallel to the c axis. It is interest-

D. SmFei&Ti

Magnetization measurements o S F T'
cr stal b K 1

n a m e» i single

y y Kaneko et al. at temperatures between 4.2
and 293 K have demonstrated that below 100 K the mag-
netization measured with the field applied d' 1perpen icu ar

'ncrease. n agree-o t e c axis exhibits an anomalous increa . I
ment with this, Lj et aI. Hu t l. d Hu e a. , and Hu et al.
observed anomalous magnetizatio b h
call ali n

i n e avior in magneti-
ca y aligned samples. These later authors have claimed
that a type-II FOMP occurs in SmFe» Ti.

The temperature dependence of the ac susceptibility
e» i is s own in Fig. 3.measured on polycrystalline SmFe T' h

There is no spin reorientation expected in this compound.
owever, around 200 K a very slight anomaly may be

istin uished wg
' h, which becomes much more pronounced if

sam le wh
the measurement is repeated on a magneticall 1 de ica y aigne
samp e where the ac field is applied parallel to the ali n-
ment direction (Fi . 7 .g. ,'. Since a temperature-induced spin

e o e aign-

reorientation in SmFe» Ti is unlikely in view of the same
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FIG. 5. Tem eraturp ture dependence of the anisotropy field B,
of RFe»Ti with R =Nd(o ) Tb (6) d D, an y( ) and the criti-
cal field of FOMP B,„ofNdFe» Ti(~).

FIG. 6.
ali ned NdF

G. 6. High-field magnetization of 42 K fn o . o magnetically
a igned NdFell Ti with the field applied arallel ( ~ )

ar to t e alignment direction. The large and small dots
represent the measurements obtained b l

and "continuous"
y emp oying "stepwise"

an "continuous" field pulses. The inset shows the dM/dB vs
B. The solid line is the calculated magnetization curve for
single-crystalline NdFe» Ti.



3236 KOU, ZHAO, GROSSINGER, KIRCHMAYR, LI, AND de BOER 47

TABLE II. Magnetic properties of RFe»Ti compounds, B, is the magnetocrystalline anisotropy
field and 8„ the critical field of FOMP (in units of T). TsR is the spin-reorientation temperature (in

units of K). 0, is the cone angle, the angle between the EMD and the c axis.

Compound

YFe) ITi
NdFe» Ti
SmFe» Ti
GdFe»Ti
TbFe) (Ti
DyFe» Ti

HoFe» Ti

ErFe& l Ti

TmFe& l Ti

(4.2 K)

4.05

5.93

Bexpt

(300 K)

2.23
0.66
9.90
3.92

2.25

2.83

2.83

2.28

Bexpt
cr

(4.2 K)

3.2

2.6

7.5

6.4

Bclac
cr

(0 K)

2.7 [001]

3.2 [110]
2.4 [100]
7.0 [110]
9.7 [100]
6.6 [110]
9.4 [100]

189

339
98

214

Tclac
SR

187

340
98

218

47

gclac
C

53.9' (0 K)

90.0' (0 K)
40.9' (98 K)
90.0 (0 K)

21.2' (0 K)

EMD's of the Sm and the Fe sublattices, the anomaly
around 200 K probably has a different physical origin,
possibly similar to the anomaly observed in NdFe»Ti
around 240 K.

The temperature dependence of B, for SmFe» Ti deter-
rnined by the SPD technique is shown in Fig. 8. Com-
pared to the other RFe»Ti compounds (Figs. 6 and 12),
the values of B, in SmFe&&Ti are fairly large. Figure 9
shows the high-field magnetization measurement on mag-
netically aligned SmFe&&Ti at 4.2 K with the field applied
parallel or perpendicular to the alignment direction. An
anomalous increase of the magnetization occurs around
10.5 T for the field applied perpendicular to the align-
ment direction. For comparison, the results obtained by
Kaneko et al. ' on a single crystal have also been included
in Fig. 9. The temperature dependence of the critical
field B„ the field where the magnetization increases
fastest, can also be determined by means of the SPD tech-
nique (Fig. 8). It must be noted that, on the basis of the

available experimental data, it is not possible to decide
whether the transition in the magnetization is first or
second order. The CEF calculations on SmFe&&Ti carried
out by Hu et al. , Moze et al. , and Kaneko et al. '

lead to magnetization curves in which no discontinuous
jump in the magnetization is seen, suggesting that this
field-induced transition is not first order.

The CEF parameters for SmFe&
&
Ti tabulated in Table I

have been deduced by fitting calculated magnetization
curves in the temperature interval from 4.2 to 293 K to
the single-crystal results of Kaneko et al. ' In the calcu-
lations, only one minimum in the free energy
F(T,B,B,„,h) is found for different directions in fields up
to 40 T and at all considered temperatures. Therefore, it
can be concluded that in SmFe~&Ti no FOMP transition,
but a continuous rotation of the magnetic moments (pos-
sibly a SOMP ) takes place in the external field. In Fig.
9, the calculated magnetization curves at 0 K for a
single-crystalline SmFe

& &
Ti with fields applied along the

0.6 20

SmFegg Ti0.5
C

Lg

0.4

~yI
~0

~0
~0

~0
~~ so~

~0
yO

~t
~O

~yO
~yO

~yQP

0.3

16 SmFe&& Ti

0.2

0.1 I

50
I I I

100 150 200
Temperature (K)

I

250 300
I

100
I I I

200 300 400
Temperature (T)

I

500 600

FIG. 7. Temperature dependence of g' measured on magneti-
cally aligned SmFe» Ti with the ac field applied parallel (~ ) and
perpendicular (0 ) to the alignment direction.

FIG. 8. Temperature dependence of the anisotropy field, B„
() and the critical field of the "anomalous increase" of the
magnetization, B„(o) of SmFell Ti.
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FIG. 9. High-field magnetization at 4.2 K of magnetically
aligned SmFe&l Ti with the field applied parallel ( ~ ) and perpen-
dicular ( j to the alignment direction. The large and small dots
represent the measurements obtained by employing "stepwise"
and "continuous" field pulses. The inset shows the dM/dB vs
B. The solid line is the calculated magnetization curve for
single-crystalline SmFe»Ti. The magnetization measurements
on single-crystalline SmFe&1Ti () at 4.2 K are plotted for com-
parison. '

[001] and [100] directions are shown (solid line in Fig. 9).
The CEF parameters and the value of B„,h in SmFe» Ti
in Table I are in reasonable agreement with the values re-
ported by Kaneko et al. ' (A2= —252 K, 34=60 K,
A 6 =940 K, and 2p&B,„,h =480 K) and by Hu et al. ,
and Moze et al. (Az= —257 K, 2&=72 K, 36=1180
K, and 2pzB,„,h =474 K). In Table I, it can be seen that
the absolute values of A 2 and A 6 for SmFe» Ti are ex-
tremely large compared with the values for the other
compounds. A similar behavior for the 2 6 parameter is
found for Sm2Fej4B in the R2Fe, 4B series. ' At present,
we are not able to explain this.

E. TbFe»Ti

Hu et al. ' have reported two spin reorientations to
occur in TbFe»Ti at 230 and 450 K. They propose a
complex magnetic structure to be stable below 230 K,
planar anisotropy between 230 and 450 K and uniaxial
anisotropy above 450 K. However, they do not succeed
in describing the proposed temperature variation of the
EMD in TbFe»Ti in their CEF calculations. ' Zhang
et al. have reported only one spin reorientation in
TbFe&&Ti at 285 K in Ref. 32 (at 330 K in Ref. 33).

The temperature dependence of the ac susceptibility of
TbFe&

&
Ti does not indicate any spin orientation occurring

below 300 K (Fig. 3). Therefore, we also measured the
temperature dependence of the magnetization up to 650
K in various applied fields (0.01, 0.1, 0.5, 1.0, and 2.3 T).
Clear evidence for a spin reorientation is found which,
being strongly field dependent, occurs at temperatures
ranging between 339 K in 0.01 T and 270 K in 2.3 T (Fig.
10). The peaklike shape of the anomaly, being similar to
that found in low-field measurements on Er2Fe&4B, is in-
dicative of a first-order transition.

FIG. 10. Temperature dependence of the magnetization of
TbFe& l Ti in different external fields.

The temperature dependence of B, for TbFe»Ti has
been determined by the SPD technique and is shown in
Fig. 5. The SPD peak, corresponding with the anisotro-
py field, could only be detected above 340 K. Its absence
below 340 K can be understood in terms of a change of
the EMD from the c axis at higher temperatures to the
basal plane at low temperatures.

On the basis of the above experimental results, the
spin-reorientation transition in TbFe»Ti is expected to
have a different physical nature as in NdFe»Ti In the
case of TbFe»Ti, it is attributed to the temperature-
induced competition of the uniaxial Fe-sublattice anisot-
ropy and the planar Tb-sublattice anisotropy.

From CEF calculations, in which the parameters tabu-
lated in Table I are used, it follows that the difference in
value of the Tb and Fe-sublattice anisotropy energies is
fairly small around room temperature. Therefore, the
spin-reorientation temperature is very sensitive to the
magnitude of the applied field and to the crystallographic
directions along which the field is applied. The experi-
ments by Hu et aI. and Zhang et a$. ' were all per-
formed in relatively high fields. It may be concluded that
the lowest spin-reorientation temperature reported by
Zhang et al. is due to the application of too high a
magnetic field before and during the measurement.

Due to the very small difference in the value of the Tb-
and Fe-sublattice anisotropy energies above 300 K, it is
difficult to describe the spin reorientation of TbFe» Ti by
the model described in Sec. III. With the CEF parame-
ters listed in Table I, extrapolated from the rest of the
heavy rare-earth compounds, the calculated TsR for
TbFe»Ti is 340 K. However, in the calculation it is
found that, in a temperature range from about 300 to 340
K, the EMD changes a number of times with tempera-
ture between the c axis and the basal plane, which is con-
tradictory to the experiment. Interestingly enough, this
behavior is also found even if only the second-order CEF
parameter is taken into account. In order to overcome
this shortcoming originating from the model itself, a
slightly smaller value of

~
A 2 ~

should be taken above TsR.
Below TsR a slightly higher value of ~Az~ (combining
with the value listed in Table I) is necessary. It is
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worthwhile to note that a temperature dependence of 3,
was also proposed in the CEF analysis of the systems
RCos (R =Nd, Sm), ' R2Co, 4B (R = Pr, Nd),
Nd2Fe, 4C. However, the physical origin of this change
as yet remains unclear.

F. DyFe»Ti

The magnetization of a DyFe»Ti single crystal has
been investigated in the temperature range from 4.2 to
300 K and the results have been analyzed in terms of a
CEF calculation. ' ' ' The EMD changes from c axis
at TsR i of about 200 K via a cone to basal plane at TsR2
of about 100 K. However, Andreev et a/. have reported
that at 4.2 K the EMD still deviates about 10 from the
basal plane. Additionally, for Ts„2 different temperatures
like 58 K and 100 K are reported. ' Below 100 K, a
FOMP transition was detected along the [100], [001],and
[110]directions in low fields (below 1 T).

Figure 11 shows the temperature dependence of g' and
g" for DyFe&

&
Ti. At 214 K, the temperature correspond-

ing to the minimum of dg /dT, a spin-reorientation tran-
sition of the second order from c axis to cone is detected.
At 98 K, a kink is observed, corresponding to a first-
order transition from cone to basal plane. As mentioned
before for TbFe» Ti, the spin-reorientation temperature is

very sensitive to the magnitude of the external field and
also to the crystallographic direction along which the
external field is applied. With the CEF parameters and
the value of the exchange field listed in Table I, the spin-
orientation temperatures, TsR, =218 K and TsR2 =98 K,
could be calculated for DyFe»Ti. Furthermore, the CEF
calculation shows that application of an external field of
0.3 T along the c axis depresses the values for Tsz, and

TsRz to 202 and 61 K, respectively. In this way, we can
understand the low values for Tsit, (200 K) and Tszz (58
K) derived by Hu er al. from the temperature depen-
dence for the magnetization in a field of 0.5 T applied
along the c axis of DyFe»Ti. After correction for the
demagnetizing field, the internal field amounts to approx-
imately 0.3 T. Hu et al. determined the following set of

the CEF parameters for DyFe& i Ti: 3 2
= —50 K,

34= —149 K, 34=170 K, 36=247 K, and 26=5.5

K. Only the second-order CEF parameter is in good
agreement with the value obtained in the present investi-
gation (Table I). The absolute values of the fourth- and
sixth-order CEF parameters of Hu et al. are all two or
three times larger than in the present investigation. This
disagreement is caused by the neglect of the effect of the
applied field on the spin-reorientation temperature by Hu
et al.

The temperature dependence of B, of DyFe»Ti is
shown in Fig. 6. B, has a maximum at about 220 K,
where the spin reorientation from c axis to cone occurs,
and is about zero at 100 K, the temperature where the
transition from cone to plane takes place. The observed
temperature dependence of B, is in good agreement with
the EMD changes deduced from the ac susceptibility.

G. HoFe»Ti

Boltich et al. , Sinha et al. ,
' and Zhang et al.

claim a spin-reorientation transition in HoFe» Ti at about
50 K from a high-temperature easy c-axis spin
configuration to a cone structure. In contrast with this,
many others, e.g. , Hu et al. ' and Yang et al. have
pointed out that the EMD of HoFe» Ti remains easy c
axis down to the lowest temperatures. Hu et al. have
observed a FOMP transition at 77 K at a field of 1.89 T.

The temperature dependence of g' for HoFe»Ti is
shown in Fig. 3. There is no clear indication for a spin
reorientation in this compound. This conclusion is
confirmed by the observed temperature dependences of
the anisotropy field B, and of the FOMP field B,„(Fig.
12). The large dN'erence in value of B, and B,„around
160 K, the onset temperature of the FOMP, indicates
that the POMP is of type II. Figure 13 shows, as an ex-
ample, the experimental SPD curve of HoFe» Ti at 4.2 K.
The value of B,„of 2.64 T is given by the field where
d M/dB =0. ' The high-field magnetization measure-
ment on magnetically aligned HoFe» Ti at 4.2 K is shown

DyFe Ti

O

0
0 50 100 150 200

Temperature (K)

i

250 300

FIG. 11. Temperature dependence of y'( ~) and y"(O) of
DyFel &

Ti.

I

100
I I

200 300
Temperature (K)

I

400 500

FIG. 12. Temperature dependence of the anisotropy field,
B„ofRFe»Ti with R =Ho(O), Er( ), and Tm(D) and the
critical field for the FOMP B,„ for RFe» Ti with R =Ho( ~ ) and
Er(S).
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FICz. 17. High-field magnetization at 4.2 K of magnetically
aligned ErFeli Ti with the field applied parallel ( ~ ) and perpen-
dicular ( ) to the alignment direction. The large and small dots
represent the measurements obtained by employing "stepwise"
and "continuous" field pulses. The inset shows the dM/dB vs
B. The solid line is the calculated magnetization curve for
single-crystalline ErFe» Ti.

high-order CEF terms play a key role in determining the
EMD of the Er sublattice. The situation found for
ErFe» Ti is very similar to that for the well-known
Nd2Fe, 4B compound, which exhibits a spin reorientation
(c axis to cone) at 135 K and a type-I FOMP below 220
K. ' ' ' The cone angle in ErFe&&Ti is calculated to
be 21' at 0 K, the spin-reorientation temperature 47 K,
and the critical field for the FOMP 6.9 T for the field
along the [110]direction and 9.7 T along the [100] direc-
tion, which is in good agreement with the experiments.
The calculated magnetization curves for single-crystalline
ErFe» Ti are also shown in Fig. 17.

I. TmFe»Ti

FIG. 18. Temperature dependence of y' measured on mag-
netically aligned TmFe& l Ti with the ac field applied parallel (~ )

and perpendicular ( o ) to the alignment direction.

is parallel to the c axis at these temperatures. The
smooth variation of B, on going to temperatures below
room temperature shows that the anisotropy remains uni-
axial down to at least 60 K.

Figure 19 shows the high-field magnetization of
TmFe»Ti at 4.2 K measured on aligned powder. A
slightly anomalous magnetization behavior, likely to be
associated with a FOMP, is observed if the field is applied
perpendicular to the alignment direction. By means of
the first derivative of the magnetization, the critical field
of this POMP was determined to be 6.4 T (see inset in
Fig. 19).

In view of the above experimental results, we can con-
clude that the anomaly in the ac susceptibility observed
in TmFe i &

Ti around 200 K, as well as the similar
anomalies found in NdFe» Ti, SmFe» Ti, and ErFe» Ti,
are neither connected with a spin reorientation nor due to
an impurity phase. The observation that the anomalous

According to Hu et a/. , no spin reorientation takes
place in this compound. The EMD of TmFeii Ti remains
parallel to the c axis at all ferrimagnetically ordered tem-
peratures.

The temperature dependences of y' measured on poly-
crystalline TmFe» Ti are shown in Fig. 3. Around 200 K,
a broad anomaly can be distinguished. In order to find
out whether this anomaly is due to a spin reorientation,
the temperature dependence of g' was also measured on
magnetically aligned TmFe» Ti, both with the field paral-
lel and perpendicular to the alignment direction (Fig. 18).
Similar to what was found for NdFe»Ti, SmFe»Ti, and
ErFe»Ti, the anomaly is strongly reduced when the ac
field is applied perpendicular to the alignment direction
and it is enhanced if it is applied parallel to the alignment
direction.

The anisotropy field B, of TmFe»Ti could be deter-
mined by the SPD technique from about 60 K up to the
Curie temperature (Fig. 12). Below 60 K, the SPD signal
becomes unclear due to noise. Because the SPD signal
was detected on polycrystalline material above room tem-
perature, it can be concluded that the EMD of TmFeii Ti

16
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FIG. 19. High-field magnetization of 4.2 K of magnetically
aligned TmFel, Ti with the field applied parallel ( ~ ) and perpen-
dicular ( ) to the alignment direction. The large and small dots
represent the measurements obtained by employing "stepwise"
and "continuous" field pulses. The inset shows the dM/dB vs
B. The solid line is the calculated magnetization curve for
single-crystallization TmFe l &

Ti.
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behavior is enhanced if the field is applied parallel to the
alignment direction suggests that it may be connected
with domain-wall motion. It must be noted that the
anomalous behavior described above is not restricted to
the RFe» Ti compounds, the subject of the present paper.
Similar behavior has also been found for compounds in
several other systems, like R 2Fe, 7, R 2 Co, 7,
R2T,4X (T=Fe,Co; X=B,C), ' " which points to
a more general physical origin which, however, is not yet
understood.

The CEF calculations with the parameters listed in
Table I, provide magnetization curves of TmFe l l Ti as
shown in Fig. 19. The critical field for the FOMP in
TmFe» Ti is calculated to be 6.6 T for the field along the
[110]direction and 9.4 T for the [100] direction.

V. SUMMARY AND CONCLUSIONS

In the present paper, a systematic study of RFe»Ti
compounds has been presented by means of a variety of
magnetic measurements. The temperature dependence of
the ac susceptibility was used to detect magnetic phase
transitions and the SPD technique to determine the an-
isotropy field and the critical field for the FOMP. Mag-
netization measurements were carried out in high fields
to determine the magnetization behavior of these strongly
anisotropic materials and to observe the FOMP transi-
tions, and in low fields to investigate spin reorientations
above room temperature and to determine the Curie tem-
peratures. Spin reorientations were detected in the com-
pounds with R =Nd, Tb, Dy, and Er. In the compounds
with R =Nd, Ho, Er, Tm, a FOMP transition was found
at low temperatures. The anomalous increase of magneti-
zation found in SmFe»Ti if the external field is applied

perpendicular to the alignment direction, is shown not to
be a FOMP. A diagram, representing the variation of the
EMD with temperature for each RFe»Ti compound, is
presented (Fig. 20).

The observed spin reorientations and FOMP transi-
tions, as well as the magnetocrystalline anisotropy of the
RFe&]Ti compounds, have been analyzed in terms of the
CEF interaction and the R-T exchange interaction. A
set of CEF parameters and the R-T exchange fields has
been derived (Table I). Similarly, as found in R2Fe&~B
compounds, the CEF parameters vary only slightly
from R =Tb to Tm, suggesting that the magnetic behav-
ior of heavy rare-earth compounds can be well described
in terms of CEF calculation. However, this is not the
case for the light rare-earth compounds. By means of the
CEF parameters and the R-T exchange fields listed in
Table I, the temperature dependences of the cone angle
0, for RFe» Ti compounds with R =Nd, Tb, Dy, and Er
have been calculated (Fig. 21). The experimental and cal-
culated values of the anisotropy field B„the critical field
for the FOMP B„and the spin-reorientation temperature
TsR for the RFe» Ti compounds are compared (Table II).
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