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Abstract. The magnetic anisotropy of the DyFe; | Ti intermetallic has been studied by measuring
the angular dependence of the components of the magnetization parallel and perpendicular to
the applied magnetic field. The measurements were performed on two plate-shaped samples
with the surfaces parallel to the (110) and (001) planes, respectively. From the measurements in
the (110) ptane the thermat dependence of the spin reorfentation angle has been obtained. The
magnetic field dependence of M) and M showed a first-order magnetization process (FOMP).

A single-ion model for the crystal-electric-field interaction and a mean-field model for the
exchange interaction have been used to explain theoretically the experimental results.

An in-depth study of the character of the spin reorientation transition from easy cone to
easy plane has been undertaken. From our study we show that for temperatures near this spin
reorientation temperature, two magnetic phases (planar and conical phases) coexist in the sample,
giving rise to an average angle that evolves continuously with temperature.

A simtlar behaviowr has been also observed for magnetic fields near the critical field of the
FOMP, producing a continvous change of the magnetization instead of a jump at the critical field.

1. Introduction

The basic magnetic properties of the REFe;z_, M, intermetallic compounds {RE = rare earth
and M = Mo, Ti, Si, V, W or Cr) have been studied in depth during the last few years
in view of their prospect as basis compounds for permanent magnet materials {see, for
instance, Buschow ef al 1989, Li and Coey 1991, Franse and Radwanski 1992). However,
their performances cannot reach those of other permanent magnet materials such as Nd-Fe—
B compounds. The crystallographic structure presents only one high-symmetry (4/mmm)
site for the rare-earth ions.

The magnetic structure of these compounds is based on the existence of two magnetic
sublattices, Fe and rare earth, either ferromagnetically or ferrimagnetically coupled through
the 3d—4f exchange interaction. The competition between the magnetocrystalline anisotropy
of the two sublattices can lead to the existence of spin reorientation transition (SRT)
phenomena. The Fe sublattice anisotropy is assumed to be of ‘easy-axis’ type as in YFe; Ti
{Moze et ai 1988, Hu er al 1989). The sign of the second-order crystal-electric-field {(CER)
gradient favours a contribution to the uniaxial anisotropy for the RE ions with second-
order Stevens coefficient a;; > 0 (i.e. RE = Sm, Er, Tm and Yb), therefore an SRT could be
gxpected for the compounds with o; < 0 (RE = Nd, Tb, Dy and Ho). However, the observed
anisotropic behaviour cannot be simply understood considering oiily the contribution of the
second-order CEF terms to describe the RE magnetocrystalline anisotropy. The ErFe;Ti
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compound shows an SRT at Tsg = 60 K from the ¢ axis to a non-collinear magnetic
structure at low temperatures (Sinha et af 1989, Hu et al 1989, Kou et al 1993), although
the Fe and second-order RE contributions favour the ¢ axis as easy magnetization direction
(EMD) in the entire range of temperatures. This fact may be considered as an indication of
the relevance of high-order CEF terms to drive the SRT in these compounds.

In this paper we will focus our study on the DyFe;Ti intermetallic.  This
compound presents a complex magnetic behaviour with the existence of two SRTs in
the ferrimagnetically ordered phase. The first SRT is of second order and takes place at
Tsry = 200-240 K (Botltich ef al 1989, Hu et al 1990, Andreev er al 1990, Kou ef al
1993}, Below this temperature the magnetization rotates away from the room-temperature
easy axis (¢ axis) to a conical non-collinear magnetic structure in which the EMD forms an
angle £ with the ¢ axis.

The second SRT occurs at a lower temperature, Tgsra, at which the EMD reaches the
basal plane of the tetragonal structure. A wide range of values for Tyra between 38 K and
120 K has been reported (Boltich et al 1989, Hu et al 1990, Andreev et al 1990, Kou
et al 1993). Kou et al ascribed such discrepancies to the different values of the applied
magnetic field. Moreover some controversy exists about whether the low-temperature SRT is
a first- or second-order transition. Hu et al {1990) and Kou ef al (1993} reported this low-
temperature transition as a first-arder transition. However Andreev et af (1990) interpreted
their measurements as a second-order transition at Tgrz in which the magnetization does
not reach the basal plane even at 4.2 K.

In a recent paper (Garcia et al 1993) we carried out a study of the character of the low-
temperature SRT. This study showed a dependence of the apparent character of the transition
on the applied magnetic-field value,

A first-order magnetization process (FOMF) is shown by this compound under an applied
magnetic field of the order of 10-20 kOe in the temperature range 4.2-100 K (Hu et al
1990, Andreev et al 1990).

The aim of this paper is to stady the magnetic anisotropy of DyFe; Ti , measuring the
isothermal polar dependence of the parallel (4} and perpendicular (M) components of
the magnetization on the applied magnetic field (Del Moral er af 1988, Joven ef af 1990).
Due to the low value of the critical field at which the FOMP takes place, it has been possible
to measure the polar dependence of M and M at magnetic fields lower and higher than
the reported critical field.

From our measurements the character of the second SRT will be clarified, under the
assumption of the coexistence of two phases with different EMDs. The stability of these
two phases is temperature and field dependent, which results in a continuous rotation of the
effeclive average EMD,

A microscopic model that includes CEF and exchange interactions has been used in order
to account for the thermal and field dependence of the EMD in the entite ternperature range.

2. Experimental details

The DyFep;;Ti single crystal was prepared by Song-Quan Ji at the Natuurkundig
Laboratorium in Amsterdam using the Czochralski method in a triarc furnace. The sample
was cut into two plates: one with its surface parallel to the (110) plane and the other with its
surface parallel to the (001) plane. The first of them allowed us to measure the anisotropy
between the ¢ axis and the easy direction in the basal plane (Garcia et al 1993), and the
second cne to measure the anisotropy within the basal plane.
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Measurements of the components of the magnetization parallel (M|} and perpendicular
(M1} to the applied magnetic field were performed using an extraction magnetometer within
the temperature range of 4.2-300 K. The polar dependence of both components was obtained
by rotating the sample in steady magnetic fields up to 20 kQe. M, is proportional to the
torque that the sample experiences in the applied magnetic field and, consequently, reaches
zero value when the magnetic field is applied along either the EMD or any major symmetry
direction. The parallel component has a maximum when the magnetic field is applied along
the EMD and a minimum at the hard directions. From these measurements it was possible
to determine the EMD as a function of temperature and field with high accuracy.

3. Theoretical modef

In the presence of an external magnetic feld H, the Hamiltonian describing the magnetic
properties of the Dy3* ion in the tetragonal DyFe;, Ti compound can be written as

H = Hegr + giped - Hoo(T) + grutpd - H (1)

where Hcpp represents the CEF interaction on the rare-earth site. which in tetragonal
symmetry and considering only the ground multiplet {L, S, J, M) of the Dy** ion, can
be expressed as

Hegr = BOJ + B0} + B 07 + BOJ + B{ O¢ 2

where the B are the CEF parameters (BS = 0.16, BY =11 x 107%, Bf = 105 x 1074,
B? =-16 x 1074, B¢ = —4 x 107, in units of K/ion) (Hu et al 1990) and the O are the
Stevens operators. i

The second term of equation (1) is the exchange Hamiltonian, which represents the
bilinear exchange interaction between the rare-earth and Fe magnetic sublattices and is
considered within the molecular-field approximation, In the present model we assumed the
RE-RE exchange interaction to be negligible and the Fe-Fe exchange interaction irrelevant
in order to study the anisotropic behaviour. The thermal evolution of H ) (antiparallel to
Mp,) was obtained by using

Hmo](T) = "nREFeVPMFe(T) (3)

where rnrgre is the intersublattice exchange coefficient (nppe. = 47 x 141, Hu ez al 1990),
y = 2(gy — 1)/g; and p (= 7.945 g cm™) is the density. The last term of equation (1)
describes the Zeeman interaction of the Dy** sublattice under an applied magnetic field H.

The free energy for the Dy** sublattice is obtained from the canonical partition
function Z = ¥, exp(—E,/ksT) where E, are eigenvalues of the Hamiltonian given
by equation (1). The free energy FRE(6, ¢, 0y, ¢y, H, T) for the rare-earth sublattice is
given by

FRe(0, 6,05, ¢, H, T) = =(RT/Mpo) In Z 4)
where H is the magnitude of the applied magnetic field, 8 and ¢y are the standaxrd spherical

angles determining the direction of H, 8 and ¢ are the same angles for the molecular field,
R is the gas constant and My, is the molecular mass.
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The total free energy is calculated by adding on the uniaxial Fe sublattice anisotropy
energy and also the Zeeman interaction for the Fe sublattice,

F(8,¢,0u, ¢u, H, T) = F**0, 9,05, ¢y, H,T) + Ki(T)sin’ 8
~ Mp.(T}YH[sin8 sin 8y cos{¢g — ¢) + cos 8 cosdg] (5)

where Mp.(T) and K;(T) are the magnetization and the anisotropy constant of the ion
magnetic sublattice, taken from the YFe,Ti values (Hu er af 1989),

The magnetic structure at any given temperature and applied magnetic field is determined
by the equilibrium angles 8y and ¢ of the molecular field, which minimize the total free
energy obtained from equation (5).

The magnetic moment of the Dy** ion is then calculated using the expression

_En ,
m, = _% > (nidiln}exp (kB—T) (i =x,y.2) (6)

where E, are the eigenvalues and |n} = Y a,s|J, M) the eigenvectors of the rare-earth
Hamiltonian obtained from equation (1) for the equilibrium angles 6y and ¢s.

After calculation of the magnitude and direction of the magnetic moments of the Dy*+
ions and Fe magnetic sublattices it is possible to determine the components of the total
magnetization parallel and perpendicular to the applied magnetic field. The component of
the magnetization parallel to the field is given by

My = Mg{T)[sin 0 sin 8 cos(@y — Pp) + c0s Oy cOs 6] + m, Sin g cos Py

+ my, sin Oy sin ¢z + m, cos Oy 7)

The component of the magnetization perpendicular to H, when the magnetic field is
applied in the (1, 1, 0} plane, can be written as

M = (Mpe(T) cosp + m,) sin @y — v/2(Mee(T') sin 6y cos gg + m.) cos 8. &
For H applied within the (001} plane (basal plane),
M: = (Mre(T)sin 6y cos g -+ my) sin By — (Mpe(T7) sin g sin ¢ -+ my ) cos By . )

Expressions (7), (8) and (9} allow us to determine My and M, in both single crystals
used in the present work.

The former expressions are valid when the sample is a single domain. For low encugh
applied magnetic fields {in relation to the anisotropy field (Voigt and Pelster 1573)) and when
the field direction lies near the hard magnetic direction the sample becomes multidomain
and the theory should be modified to take into account the existence of magnetic domains.
In fact when the magnetic field is applied along a hard direction the sample decomposes
into equivolume domains, the magnetizations in those domains is symmetrical with respect
to the field direction and the torque is zero.

For temperatures below Tgro the hard magnetic direction (HMD) is the tetragonal ¢ axis
[001] and the EMD is the [110] direction. For Tsrs < T < Tggr; the ¢ axis and the [110]
direction in the basal plane are HMDs. For T < Tgr;, when the magnetic field is applied
along the ¢ axis, four domains will exist and two situations are possible: (i) for 7 < Tsro,
the magnetization of the domains is along the [110], (110, (110}, [110] directions, and (ii)
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[001]

[110]

Figure 1. A schematic representation of the magnetic moments and magnetic fields in the
two-domain regime, within the {1, 1, 0) plane,

for Tsps < T < Tgg;, the magnetization makes an angle 6, with the ¢ axis, lying in the
four planes defined by the [001] and the T110], [110]; [110], [110] directions, The sample
used in the present work, containing the [001] axis, was cut with the surface parallel to
the (110) plane and the magnetic field was applied in that plane, thus the domains with
the magnetization in the (110) planc are favoured. Therefore, we consider that when the
magnetic field is applied away from an HMD and makes an angle @n Wwith the ¢ axis, only
two domains, with magnetization M7 and My respectively, lying in the plane containing
[001] and the applied magnetic field direction, will remain {figure 1).

Both domains should have the same energy and coexist in equilibrium under the presence
of the applied magnetic field (Néel er al 1960). This equilibrium is possible when the
total magnetization M originates an internal field H; along the HMD (see figure 1). The
spontaneous magnetization within both domains (M) and M) is symmetrical with respect
to the HMD. The relative volumes A and g of these domains change by the wall-displacement
mechanism as the magaetic field rotates.

Assuming the volume of the sample equal to unity and the ¢ axis as the HMD, the rélative
volume fraction of both domains (A and 1) can be calculated from the followmg equations
(Barnier ef al 1962);

= —%(1 + (H sinép) /N M sin ) = %(1 - (H sinBy)/ N M sin8g) (10)

where N{= 4w x 0.24) is the experimental demagnetizing factor taken from the slope, at
H — 0, of the experimental M(H) isotherm at 4.2 K when the field is applied along the
[110] direction.

In equation (10) N, H and g are known from the experimental conditions and M and
8o can be calculated using the microscopic single-jon model. Therefore we can theoretically
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calculate the relative volume fraction of both domains in each experimental situation and
the two-domain structure will exist while 2, A < 1.
Under such a hypothesis M) can be obtained as

My = My sin 0y sin ¢y 4+ M; cos 8y -+ (A — u)M, sinfy cos ¢y (1D

where M; is the total magnetization component (Fe and rare-earth sublattices) along the §
axis (i = x,y,z). M, is

M, = M,sin8y + (u-—k)\/iMx cos B, (12)

Expression (11} and (12} will become relevant in order to explain the experimental
results at low magnetic field applied near the ¢ axis.

In the conical regime (Tspo < T < Tsry} 2 multidomain structure will also exist when
the magnetic field is applied near the basal plane, but the angular region around 6y = w/2
in which the four domains exist is very narrow and no multidomain correction for domains
1s necessary (see subsection 4.2).

4. Results and discussion

4.1 The (I,1,0) plane

4.1.1. Low-field behaviour (H < 5 kQOe). Experimental measurements of the polar
dependence of M) and M: have been performed in the temperature range between 4.2
and 300 K for applied magnetic fields lower than the critical FOMP fields. In figure 2
we present the experimental results obtained in the spin-reorientation region (T < Tgri)
together with the theoretical calculations using the model described above. In this field
range (H < 5 kOe) the above two-domain model should be applied. We have used the CEF
and exchange parameters given by Hu et al (1990) (the signs of Bi and Bg CEF parameters
were changed to take into account that the easy direction in the basal plane is [110] rather
than [100]) (Garcia et al 1993).

At the lower temperatures (4.2 K and 23 K) the EMD lies in the basal plane and
the parallel magnetization shows a maximum at 8 = 90°. The agreement between the
experimental results and the theoretical predictions is good even when the magnetic field
lies in a direction close to the HMD, a situation in which the two-domain approximation
acquires special relevance.

In the temperature range between 75 K and 150 K the system remains conical
(figure 2(d)}~(f)) with angles of 39°, 38° and 28° for T = 75, 100 and 150 K respectively
and the agreement between the experimental and theoretical results is quite good in the entire
temperature range. At T =75 K, in the conical magnetic-structure region, we applied the
multidomain approach only when such correction was important, i.e. when the magnetic
field was applied near the ¢ axis. For magnetic fields near the HMD in the basal plane the
multidomain region is narrow (see figures 2(d)~(f)) and no correction was made.

At T = 200 K the system is an easy-axis magnet having a maximum for the parallel
component of the magnetization at 8 = 0° (see figure 2(g)).

At T = 50 K (figure 2(c)) a disagreement between the experimental and theoretical
results is evident even considering the two-domain approach. M presents a maximum and
M . reaches a zero value at an intermediate direction between the ¢ axis and the basal plane
(9 = 697} indicating that the macroscopic EMD lies along a non-major symmetry direction.
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Figure 2. The angular dependence of the parallel (O) and perpendicular (@) components of the
magnetization in the (1, 1, 0) plane at some selected temperatures: (@) T =42 K, () T =25K,
T=30K @ T=TK{T=10K )T =150K, (g) T = 200 K. The lines
are theoretical caleulations considering the monodomain approach (— — -) and the two-domain
theory (—

In order to test the value obtained for the EMD angle from the polar My and
M, measurements, we also performed measurements of the thermal dependence of the
magnetization along the [001] and [110] axes in the temperature range of 4.2-250 K, using
a steady magnetic field of 2 kOe. From these experimental results it is possible to estimate
the EMD angle in a simple way

6 = tan~ " (Mu100/ Migor)- (13)

In figure 3 we present the experimental results obtained in this way as well as the
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Figaure 3. The thermual dependence of the spin reorientation angle for DyFey;Ti, obtained from
polar measurements of My and M, (@) and from measurement of the magnetization along the
[100] and [110] directions with an applied magnetic field of 2 kOe (- — ~). The continuous line
is the theoretical SRT angle using the ceF and exchange parameters given by Hu et al (1950).

experimental value obtained from measurements of the polar dependence of M) and M,
and also the theoretical fit using the CEF and exchange parameters given by Hu er al (1990).
An excellent agreement between the two determinations of the EMD is observed, showing a
continuous rotation of the macroscopic EMD between the easy-plane phase and the easy-axis
phase.

The agreement between the experimental and theoretical results is good for temperatures
higher than the theoretical Tzgy (= 60 K) and for T < 25 K, but in the intermediate-
temperature region (25 K < T < 60 K) the agreement is poor: the theory predicts an
easy-plane region and the experiment shows an easy-cone magnetic structure (see figure 3).

To explain such a discrepancy we will consider that in the intermediate-temperature
region the sample consists of two magnetic phases corresponding to the low-temperature
(T < 23 K) planar phase (PF), with # = 90°, and high-temperature (T’ > 60 K) conical
phase (CP), with @ =2 40°. In the intermediate region the two phases coexist with different
relative volumes depending on the temperature and the magnetic field. As a consequence,
an apparent EMD, intermediate between the conical and planar structures, can be expected
for such a temperature region as has been observed at T = 50 K.

The presence of the two phases in the sample can be related to the existence of two
minima, theoretically predicted, in the total free energy at 6 = 40° and 9 = 90° (Fu ez
al 1990). For T > Tgro the absolute minimum comresponds to a conical phase. As the
temperature decreases, the planar phase grows inside the domain walls present in the conical
phase. This process will finish at T’ ~ 25 K below this temperature the only phase present
will be the low-temperature PP.

In order to confirm this hypothesis we fitted the experimental results of My and M,
observed at T = 50 K, assuming that the PP and CP ave represented by the experimental
curves obtained at 7 = 25 K. (PP) and T = 75 K (CP) (see figure 2(&) and (d)). Under such
an assumption we can write ’

My(50 K) = xM(25 K) + (I — x) My (75 K) (142)
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M G0K)=xM (25 K)+ (1 —x)M,: (75 K) (146)

where x is the relative volume of the PP. The result for x = 0.5 is shown in figure 4: a
good agreement has been obtained, supporting our previous assumption of coexistence of
two magnetic phases in the sample in the intermediate-temperature region, whilst with the
single-phase model it was impossible to interpret the data (see figure 2(c)).

001 [110] T T 001
6ol 00L] e L [001] " {11} .~ [0o1]

‘-E

Magnetization {emuy/g)

n

|
0 % . 2r
Angle

Figure 4. A fit of the angular dependence of M| and M at T = 50 K using equations (14«)
and {14&) for x = 0.5 (see the text for details).

4.1.2. Magnetic-field behaviour of M| and M, (H > 2 kOe). The study of the magnetic-
field dependence of the polar plots is especially important when a FOMP takes place at a
certain critical field (H.,). This kind of phenomenon occurs in DyFe;; Ti, as can be observed
in the magnetization isotherm of figure 5, when a magnetic field is applied along the [001]
direction. We have measured the polar dependence of M) and M, at different field and
temperature values. As an example we present in figure 6 the results obtained at 4.2 X for
several applied magnetic fields lower and higher than the internal critical field {H, =~ 5 kOe,
Hu et al 1990).

The result obtained for H < H has been already presented in figure 2(a}, showing a
typical easy-plane behaviour.

For H > Hy (figure 6(a) and (b)) the shape of the polar dependence of M|{fy) and
M (8y) drastically changes; new maxima appear in M) and jumps in M, are induced by the
magnetic field at certain non-major symmetry directions. This behaviour can be understood
under the assumption of the existence of a critical angle for the applied magnetic field.
At this temperature the systern has two minima in the total free energy (Hu et al 1990)
and consequently a first-order magnetic transition induced by the magnetic field can be
expected. In a standard isotherm the magnetic-field direction is constant and the strength of
the magnetic field is changed. For a critical value of the ficld strength a FOMP takes place,
giving rise to an increase of the magnetization parallel to the applied magnetic field.

In our measurements the magnetic-field strength is constant and its direction is changed.
Now instead of H we will obtain a critical angle {formed by the applied magnstic field and
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Figure 5. Expesimental (O) and calculated (——) magnetization curves at T = 4.2 K for H
along the ¢ axis.

the ¢ axis, ) at which the magnetization jumps between the directions in which the free
energy presents both minima. Such is the process observed in the experimental results. The
strength of the applied magnetic field gives rise to an internal magnetic field higher than
H,;. Therefore, when the field is applied along the [001] direction the EMD is defined by the
absolute minimum of the total free energy at & = 40°. Rotating the magnetic field towards
that direction an increase of M| and a decrease of |M | is observed (see figure 6(e}). By
rotating the magnetic field towards the basal plane, the minimum of the total free energy in
the basal plane is favoured, and for a certain 6 the absolute minimum of the free energy is
changed to 8 = 90°. At this 6§ value a decrease of M) and an increase of | M | is observed
(see figure 6(a)).

When H = Hy (figure 6(c)} the M (#y) and M (9y) results display essentially an
easy-plane behaviour with a maximum in M, when the magnetic field is applied along the
[110] direction. An additional small maximum starts to appear near the hard direction (the
c axis). A poor agreement between the experimental and the theoretical results has been
obtained in this applied-magnetic-field region at low temperatures (see figure 6(a}).

A similar behaviour has been obtained on the isotherm magnetization results {Hu er al
1990, Garcia et al 1993) (see figure 5) in which a continuous increase of the magnetization
instead of a jump is observed at A = 5 kQe. As in the case of the spin reorientation angle,
we will suppose that, in the magnetic field range near F.., this continuous variation of the
magnetization can be ascribed to the coexistence of a low-field (LF) PP (with 8 &~ 90°) and a
high-field (HF) CP (with 8 == 40°), We will ascribe the LF and the HF behaviour at 4.2 K to
the previous reported polar-dependence results at B = 2 kQe (figure 2(g¥ and H = 15 kOe
(figure 6(a)). Therefore we have fitted the experimental results at & = 5 kOe using

My(5 kOe) = xM, (2 kOe) + (1 — x)M(15 kOe) (152)
ML(5 kOe) = x M1 (2 kOe) + (1 — x)M (15 kOe). (156)

The result obtained for the best fit, obtained at x = 0.4, is presented in figure 7(a),

showing a good agreement, supporting again our previous hypothesis of the coexistence of
two phases.
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Figure 6. The angular depandence of the parallel (O)
and perpendicular (@) components of the magnetization
within the ¢(I,1,0) plane at T = 4.2 K and at some
selected magnetic fields: (@) H = 15 kOe; (&)
H = 10 kQe; (¢) H = 5 kQOe. The lines are
theoretical calculations considering the monodomain
approach (- — -} and the two-dormain theory (-—-—).

Figure 7. The angular dependence of the parailet {O)
and perpendicular (@) components of the magnetization
within the {1, 1,0) plane at ¥ = 5 kOe and at the
following temperatures: (@} T =42 K; () T =25 K;
(¢) T = 50 K. The lines are the fits using equations
{15a) and (15b) for {a) x = 0.4, (£} x = 0.4 and (c)
x =0.25 (see the text for details).

A similar behaviour is shown by the experimental results for T = 25 and 50 K at
H = H,. We have fitted the experimental results using equations (15g2) and (155} and the
results are shown in figure 7(b) and (¢), respectively.

4.2. The (001) plane

A high anisotropy in the (001) plane between the [110] and [100] directions has been
reported by Hu er al (1990) from magnetization measurements. This anisotropy is large
even at room temperature and increases as temperature is lowered. Also a study on the
isomorphous REFe sV, compounds (Algarabel et al 1992) revealed a high basal-plane
anisotropy up to near room temperature.

In this section we report a study of the magnetic anisotropy in the basal plane measuring
the polar dependence of M| and M. In figure 8 we present the experimental results obtained
at some selected temperatures under an applied magnetic field of 15 kOe. At this value
of the applied magnetic field the sample is monodomain for any direction of the applied
magnetic field in the basal plane.
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Figure 8. The angular dependence of the paratlel (O) and perpendicular (@) components of
the magnetization within the basal plane at some selected temperatures: {a) T = 4.2 K, (&)
T=50K;{)T =75K; (d) T = 150 K. The lines are theoretical calculations considering the
menodomain approach (: 3.

The results show a 90° periodicity as corresponds to a system with tetragonal symmetry
in the basal plane. The EMD, determined by the maximum of M and M, = 0, remains along
the [110] direction in the whole temperature range. The study of the polar dependence was
performed at several values of applied magnetic field, but in this plane we did not observe
any experimental evidence of a FOMP at H < 20 kQe.

In order to explain the magnetic behavipur within the basal plane we have used the
model described in section 3. In figure 8 it is possible to observe the excellent explanation
of our experimental results using this microscopic model.

4.3. The temperature and field dependence of the relative volume of the PP and CP magnetic
phases

From the polar dependence of M| and M reported in the previous section, the coexistence
of two magnetic phases at temperatures near the low-temperature spin reorientation and for
applied magnetic fields near the critical FOMP field is clearly evidenced.

In order to determine the relative velume fraction of both magnetic phases in this
coexistence region, as a function of temperature and the applied magnetic field, we have
measured the magnetization as a function of temperature along the [001], Moo}, and the
[110), M;1107, directions under an applied field of 2 kOe and the magnetization as a function
of the field along the [001] direction at 4.2 K.

From our experimental results a continuous variation of Mg 1(T) and Mi0(T) at
both SRTs is clearly shown (see figure ). This result is in agreement with a second-order
SRT at Tspy &~ 200 K. However, in the low temperature SRT, where a first-order transition
takes place, the continuous variation may be related to the coexistence of the two magnetic
phases. We can assume, Jooking at the experimental results, that this coexistence may
be extended in a range of temperatures around the SRT, going from 20 K to 80 K. Our
hypothesis is based on the consideration that at temperatures below 20 X only the PP exists
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region.

and at temperatures above 80 K only the CP does. We have proceeded to fit the thermal
dependence of the magnetization in the CP and PP near Tgrs to straight lines and these
functions were extrapolated to the intermediate-temperature range (from 20 K to 80 K).
These fits are shown in figure 9, where we denoted the fitting functions as M[II’]U”(T) and
M[P“U](T) at temperatares at which only the PP is supposed to exist, and M[%m](T) and
Mﬁml(T } at temperatures at which only the CP is supposed to exist. Thus, the experimental
magnetization, in the intermediate-temperature range at which both magnetic phases coexist,
can be written, in a way similar to equations (14a) and (i4#),

Moo (T) = xioon) Mg (T) + (1 — xo01) MG (T) (16a)
Mpon(T) = XM o(T) + (1 — X000 MG 1y (T) (165)

where xpoo1] and x1 17 are the relative volurne fractions determined with the magnetic field
applied along the [001] and the [110] directions, respectively. From the expressions (16a)
and (165) xgp1) and x[11g) are easily obtained and these two quantities are shown in figure 10.
An anisotropy of x{T) with the direction of the applied field is evident. This result should
be expected because the direction of the applied field favours or inhibits the CP as seen in
the polar-plot measurements. The range of temperature in which the two phases coexist
extends around 40 K.

To determine the dependence of x on the applied magnetic field, measurements of the
magnetization as a function of the magnetic field applied along the [001] direction at 4.2 K
were made. For this purpose, the sample had been specially shaped as an ellipsoid with
a small demagnetization factor N, = 47 x 0.047. In figure 11, the magnetization against
the internal field is presented. From the experimental results a continuous variation of
magnetization is evident, while a FOMP transition should be expected from the theoretical
calculation. We can understand this fact taking into account, again, the coexistence of the
two phases under the applied field. We can consider that at fields lower than 1 kOe
only the PP exists and at fields higher than 10 kOe only the CP does. We fitted the
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experimental magnetization in these two regions to straight lines, denoted as MT(H) and
MC(H) respectively, which were extrapolated into the intermediate-field region as shown in
figure 11. As a consequence we can consider that the experimental M (H) in the intermediate
fields, where the two phases coexist, is given by

MH) = xMY(H) + (1 — )M (H). (17

The field dependence of x is shown in figure 10, where the coexistence of the two phases
is extended to an interval of about 6 kOe around the critical FoMmP feld, He ~ 5 kQe.
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Figure 11. The magnetization isotherm at 77 = 4.2 K Figure 12. The relative volume, x, of the pp against

with A applied along the [00}] axis. The lines (- —-) AF for the different sitvations studied: A, x(); @,

are the extrapolation from the pp and cp to the two-phase  xpoen) (T} and O, x110(T) {(see the details in the text),

region. From the slopes of these curves the ' parameter has
been obtained.

With allowance for coexistence of two phases, the free energy can be written as (Swalin
1962)

F=xF'+(1-x)FC+1irx(1-x) (18)

where FC is the free energy in the conical phase, and FF that in the planar one. The third
term reflects the existence of long-range interaction between the two phases. When T' > 0,
the free energy has a minimurn at

x=41+AF/T (19)

where AF = FC— FT, and the two-phase system is stable in a temperature and field region
for which 0 < x < 1. Since both F€ and FF depend on T and H, x will depend on both
parameters. From the model of section 3 we calculated F for 8y = 0° and ¢5 = 45°, with
H =2 kOe and temperatures ranging from 4 to 100 K. At each temperature we determined
the angular dependence F(#), with @ within the (1,1,0) plane. Two minima were found,
one at & 7 90°, which corresponds to the PP, and the other at § ~ 40°, as corresponds to
the CP. Then, we assumed that FE(T) = Fpun (0 = 40°, T) and FP(T) = Foin (6 = 90°, T)
and calculated AF(T). A similar procedure was carried out for fixed T = 4.2 K and the
field varying between H = 0 and 50 kOe. Again two minima were found, and assuming
that FC(H) = F (8 ~ 40°, H) and FY(H) = Fpa(0 ~ 90°, H) we calculated AF(H).
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We have determined experimentally xp11¢)(T) and x004)(T) for H = 2 kOe and x(H)
for T =4.2 K, and we have calculated AF(T, H) so we can plot three independent x versus
AF curves, eliminating T or H (figure 12). It is very intercsting to see that the three curves
are very similar in spite of their very different experimental conditions. Such a similarity
allows us to be more confident in the validity of the simple interaction model. In fact, in the
simplest model I” can be considered as a constant and it can be determined from the slope of
the x(AF) curve in figure 12. The value obtained in this way is I' = (20.3) x 10° erg g~ .

The most probable mechanism responsible for such long-range interaction is
magnetodipolar. The corresponding contribution to the free energy, ie. magnetostatic
energy, can be expressed as

Fgp = 3Np(M)* (20}

where N is the demagnetization factor and (M) is the average magnetization (per volume
unit). This macroscopic average can be expressed as (M) = xM< + (I — x)MF® where x
is the volume fraction of the CP. Substituting (17) in expression (20) and comparing with
(18), one may identify I' with Np(M* — MF)2. Since we know from experiment the values
for MC — M? =45+ 5 emu g~! (figure 11), we may derive the apparent demagnetization
factor, obtaining

N=4r x095+£0.1.

This value is unexpectedly high, although not unreascnable. In the two-phase region
the system seems to behave as if the domains of CP were isolated plates perpendicular to
[001]; in such a case one would have Nog: ~ 4 rather than Mgy = 41 x 0.047 as dictated
by the shape of the sample. This conjecture calls for a careful study of the domain structure
in the low-temperature region, which is currently under way.

5. Conclusions

The measurements of the angular dependence of My and M, performed on a single crystai
of DyFe); Ti have provided a more detailed description of the interplay between the basic
interactions in this compound. The single-ion mean-field microscopic model used can
account for the thermal, field and angular dependence of the magnetization components. In
order to explain the obtained angular dependence of My and M, , a two-domain model was
used. This correction was relevant when the magnetic field was applied along a direction
close to the HMD.

The present experiments have clarified the existing controversy about the low-
temperature SRT (plane—cone). It has been definitively established to be a first-order phase
trangition. ’

The theoretical prediction reveals at low temperature the existence of two minima in the
free energy, corresponding to two states in which the EMD lies along different directions.
The ground state at low temperature and low field represents the pp. The CP constitutes a
metastable state, which can be reached either by rising teraperature or by application of
magnetic field along the ¢ axis. Consequently, the SRT is a first-order transition. However
no discontinuities can be observed in the thermal and field dependences of M), M, and 6.
We have explained this behaviour considering a coexistence of PP and CP over a range of
temperature and magnetic fields. Estimation of the volume fraction of both phases in the
coexistence intervals has been performed.
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