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Measurements of spin reorientation in YbFeO; and comparison with modified mean-field theory
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Precise measurements of YbFeO; magnetization in the spin-reoirentation temperature interval are per-
formed. It is shown that ytterbium orthoferrite is well described by the modified mean-field theory recently
developed for ErFeO;. This validates the conjecture about the essential influence of the rare-earth ion’s
anisotropic paramagnetism on the magnetization behavior in the reorientation regions of all orthoferrites with

I'y—T,,—1T, phase transitions.
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I. INTRODUCTION

Rhombic rare-earth orthoferrites RFeO; with R being a
rare-earth ion or an yttrium ion are magnetic insulators that
provide a classic example of the second order orientation
phase transitions (see reviews'~*). Orthoferrites have two
magnetic subsystems: one of the rare-earth ions, and another
of the iron ions. Magnetic properties of the subsystems and
interaction between them depend on the external parameters,
e.g., temperature, field, pressure, etc., and a series of phase
transition is observed upon the parameter change. The field
of spin-reorientation transitions in orthoferrites experiences a
surge of interest after the observations of picosecond spin
rotation times in those materials>® with ramifications for the
future device applications.

Orientation phase transitions discussed in this paper are
characterized by the following.! The iron subsystem is or-
dered into a slightly canted antiferromagnetic structure ex-
hibiting a weak ferromagnetic moment F. The rare-earth
system is paramagnetic. For all orthoferrites the antiferro-
magnetic structure below the Neel temperature Ty (Ty
=620-740 K) corresponds to the I'y (G,,F,) irreducible rep-
resentation with magnetic vector F pointing along the ¢ axis
of the crystal and antiferromagnetic vector G pointing along
the a axis (coordinates are chosen so that ¢=Z and a=X). In
orthoferrites with nonmagnetic rare-earth ions (R=La, Lu, or
Y) the I'y (G,,F,) configuration persists to the lowest tem-
peratures. For many other orthoferrites, such as ErFeOs;,
TmFeO3;, YbFeO;, NdFeOs3, SmFeOs;, a reorientation transi-
tion with the sequence [I'y(G,,F.)—15 (G.,F,.)
—1I', (G,,F,) is observed. Upon cooling vector F starts to
rotate away from the ¢ axis at temperature 7. Its continuous
rotation towards the a axis happens in the (a,c¢) plane be-
tween temperatures 77 and 7,<<T;. Below T, the system
stays in the I', (G.,F,) phase with Fla.

Although the spin reorientation region [7,,7;] has been
studied for many orthoferrites by different experimental
techniques,' not enough is known about the specifics of the
rotation. Relevant experimental results are often incomplete,
lack accuracy, tend to contradict each other, and do not cor-
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respond to either conventional Landau theory>’8 or its sug-
gested modifications. Recently®!? the temperature depen-
dence of both a and ¢ axis projections of the magnetic
moment was measured with high accuracy for the single
crystal samples of ErFeO;. These measurements gave the
temperature dependence of the absolute value of the magne-
tization M(T) and its rotation angle #(7) with respect to the ¢
axis in the [T,,T,] temperature interval at zero external mag-
netic field. The results were in very good agreement with the
proposed modified mean-field model,’ that emphasized the
anisotropy of the rare-earth ions paramagnetic susceptibility.
It was conjectured that this model would be suitable for other
magnetic materials with similar phase transitions.

The present study is aimed at the detailed measurements
of M(T) and 6(T) behavior in single crystals of YbFeO3, that
exhibit the same I'y—1T',,— T, transition, with the purpose
of checking this conjecture on another material. It is shown
that the modified field theory of Refs. 9,10 works well for
YbFeOs, even though in this orthoferrite the reorientation
happens at an order of magnitude lower temperatures
(T=8 K), than in ErFeO; (T=90 K), while the Neel tem-
perature remains roughly the same Ty =630 K.

II. EXPERIMENTAL RESULTS

Measurements were performed on two single crystals of
YbFeO;. Cubic sample A, weighting 0.0485 g, was made of
a single crystal grown by spontaneous crystallization in the
melt solution. Sample B had ellipsoidal shape, weighted
0.0715 g, and was made of a single crystal grown by the
no-crucible zone melting technique with radiation heating.
The temperature was varied in the 2 to 10 K interval, and
both M, and M, projections of the magnetic moment were
sequentially measured on samples A and B by a Quantum
Design MPMS-5S SQUID magnetometer as described be-
low. The magnetization values obtained on two samples were
very similar. This is consistent with the fact that the magne-
tization of the orthoferrite is weak and the demagnetization
fields are too small to create an appreciable shape depen-
dence of the results.
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FIG. 1. Magnetization curves M,(H) obtained on YbFeOs,
sample B, with Hlla, at different temperatures.

The M(T) dependence at zero external magnetic field was
found through the analysis of magnetization loops. In
YbFeO; they are S shaped at all temperatures studied here
for both Hlla and Hllc field orientations (Figs. 1 and 2).
Importantly, magnetization curves obtained for different
samples are very similar. The M, and M, projections of the
bulk magnetization at zero external field were extracted from
the hysteresis loops measured in magnetic fields directed
along the a and c¢ axes, respectively. The linear M(H) depen-
dence observed at higher fields H=650 Oe was fitted by a
line M, (H,T)=M, (T)+ x,.(T)H and the vertical intercept
M, (T) was recorded. The values of M,(T) and M(T) ob-
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FIG. 2. Magnetization curves M (H) obtained on YbFeOs,
sample A, with Hllc, at different temperatures.
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FIG. 3. Magnetization projections M, (T) obtained from the
magnetization curves. Empty circles: M,(T) for sample B, empty
triangles: M ,(T) for sample A, filled triangles: M .(T) for sample A.

tained through this procedure are shown in Fig. 3.

To analyze the data we recall, that the (H-T) phase dia-
grams in the vicinity of the I'y—1I',,—I', transition for Hllc
and Hlla field directions are well known.? According to these
diagrams, as the magnetic field is swept through H=0 inside
the [T,,T,] reorientation interval, a first order transition hap-
pens for both directions of the field and manifests itself as a
jump of magnetization component parallel to the applied
field. First-order transitions also happen above 7, for Hll¢
and below T, for Hlla orientations, while no transitions are
predicted below T, for Hllc and above T for Hlla. Indeed it
is observed that magnetization curves become straight lines
passing through the origin above T, for the Hlla orientation
and below T, for the Hl ¢ orientation (see Figs. 1 and 2). In
a real experiments exact orientation of the field direction is
obviously impossible. A three-dimensional diagram valid for
the arbitrary field direction®!! should be used in this case.

The shapes and sizes of hysteresis loops reflect the mode
of magnetic reversal and the physics of magnetic domains
and domain walls in a material. These matters are beyond the
scope of the present paper. Here we simply note that the
evolution of hysteresis loops with temperature in ytterbium
orthoferrites differs substantially from the one observed in
erbium orthoferrite.” No rectangular loops were observed in
YbFeO;, while in ErFeO; they are seen outside of the reori-
entation region. But, similar to the case of ErFeOs;, it was
found that the parameters of the loop, e.g., remanent magne-
tization, exhibit singular behavior near the transition points
T, and T, (Fig. 4). In this experiment a saturating magnetic
field H=6500e was applied either along the a or along the ¢
axis. Then, the field was reduced to zero and the projection
of the remanent magnetic moment M™™°™ op the same axis
was measured. Two series of measurements, one for
MM and another for MS™™™ were made. The results
for the Hllc case are shown on Fig. 4, where two kinks near
T, and T, are clearly seen. Similar results were obtained for
Hlla. This property of the hysteresis loops turns out to be
useful for the determinations of the critical temperatures 7 ,.
For the example the curve on Fig. 4 gives 7;=8 K and T,
=6.6 K.

The absolute value of magnetization M and rotation angle
6 were extracted from the experimental data according to the
expressions
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FIG. 4. Temperature dependence of remanent magnetization
along the ¢ axis. The kinks of the curve mark the transition tem-
peratures T 5.

——> M
M= \/M2+Mf, 0=arctan<ﬁa>
.

and are shown in Figs. 5 and 6. Experimental results pre-
sented in Figs. 3 and 5 show that as the temperature is low-
ered from T to Ty, the magnetization of the crystal gradually
grows. This reflects the build up of the iron moment near Ty
and subsequent development of the ytterbium moment along
iron moment' at lower temperatures. In the narrow reorien-
tation region [T, T, ] the magnetization rapidly grows almost
twofold. Below T, the magnetization continues to grow. This
supports the result of Ref. 12, suggesting that the ytterbium
moment remains parallel to the iron moment, and does not
switch to the antiparallel direction as stated in Ref. 1.

III. THEORETICAL ANALYSIS

Our experimental results can be explained by the modified
mean field theory proposed in Refs. 9,10. As the conven-
tional Landau theory,>”8 the modified theory assumes that
the magnetization of iron subsystem is saturated at T<T ,

18 4 . . M—:I [82 _’_Mcz)uz
. Theory, Eq. (4)
15 M
[ 4
) \
3 124 =
£
5}
o’
S o
6 * .
2 4 6 8 10

T (K)

FIG. 5. Absolute value of the magnetization M(T) calculated
from experimental data. Solid curve: theory Eq. (4)
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FIG. 6. Magnetization rotation angle 6(7) calculated from ex-
perimental data in the reorientation region [T, T,] at zero external
magnetic field. Solid curve: theory Eq. (3), dash curve: conven-
tional theory Eq. (2)

< Ty. The free energy of the iron subsystem is taken in the
form

F(6,T)=Fy(T) + cos(26) + K;, cos(46). (1)

K.(T)
2
With minimal assumptions about the temperature depen-
dence of phenomenological constants inside the reorientation
region, namely, constant K, and K,(7) linearly varying with
temperature and going through zero inside the reorientation
interval, the minimization of the conventional energy func-

tional (1) gives>”8

1+¢ _(n+n)2-1

T &I

—e (T, -T2 @

tan 0=
Figures 5 and 6 show that experimental results neither sup-
port the constancy of M(T), nor give a (T) dependence
consistent with Eq. (2)

According to the modified mean field model, paramag-
netic susceptibility of ytterbium subsystem should also be
taken into account to adequately describe the magnetic be-
havior of the orthoferrite. It is assumed, that in the molecular
field of iron the rare-earth ion acquires a magnetic moment
m= )QYbF, while the absolute value of the iron moment F
remains constant.’%!314 Experimentally measured magneti-
zation is the sum of the iron and rare-earth contributions
M=F+m. The magnetic susceptibility ¥¥° of the rare-earth
ions is assumed to be anisotropic. This assumption naturally
explains the large change of M inside a narrow temperature
interval, since rotation of F leads to the change of m and
thus changes M as well.” The anisotropy of the rare-earth
susceptibility has been reported in the literature."31314 The
key point of Ref. 9 was the proper account of such aniso-
tropy in the calculation of the rotation angle and absolute
value of the magnetization, with the result

[1+€ M ,(T,)
tan O=r , = ,
1= g M C(T])

3)
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Since M ,(T,) and M(T,) are measurable magnetizations of
the sample at temperatures 7, and 7, respectively, the value
of r is known and expressions (3) and (4) have no fitting
parameters.

According to our measurements, the cubic sample A had
T,=8.0 K and T,=6.6 K. Using the values of M ,(T,) and
M (T,) at these temperatures we find r=1.78 for this sample.
Theoretical curves given by Egs. (3) and (4) are shown in
Figs. 5 and 6 by solid lines. A convincing correspondence
between the theory and experiment is evident.

Note, that the analysis of experimental data in terms of
the model introduced in Refs. 9,10 is only valid inside the
reorientation region. However, it is important that inside the
region of its validity such analysis is independent of the driv-
ing mechanism of the transition, be it the interactions in the
iron subsystem, the R-Fe interactions, the behavior of the
rare-earth magnetic susceptibility, or any other process. The
approach of Refs. 9,10 only requires the effective anisotropy
constant K,(7) to be a linear function of temperature. Since
precisely that behavior of K,(7T) was measured in Refs.
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15,16, and Ref. 17 shows that such behavior follows from
the microscopic model of Ref. 18, the modified mean field
theory”!? can be applicable for a wide variety of orthofer-
rites.

IV. CONCLUSION

In this paper we report direct measurements of the mag-
netization aboslute value M(T) and rotation angle 6(7)
during the I'y—T,,—T, spin-reorientation transition in
YbFeO; single crystals. The results favor the importance of
strongly anisotropic rare-earth contribution to the magnetiza-
tion of the material. They give a convincing argument in
favor of the spin reorientation model suggested in Ref. 9 and
its applicability to I'y(G,,F.)—1(G,.,F)—1(G.,F,)
orientation transitions in different materials.
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