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Abstract
High static magnetic field magnetization measurements have been performed
up to 23 T on Ho0.43Y2.57Fe5O12 single crystals at helium temperature (T =
4.2 K) with fields applied along the three main cubic axes: 〈111〉, 〈110〉
and 〈001〉. The change from the spontaneous ferrimagnetic structure in
zero magnetic field to the fully ferromagnetic one in high field takes place
through several intermediate phases separated by transitions with step-like
magnetization behaviour, but without any observed hysteresis. Using the
effective spin Hamiltonian approximation, we show that the general features of
these transitions can be accounted for by a large magnetocristalline anisotropy
of the Ho3+ moments of the uniaxial type along the local z axis of each rare-
earth site. The model is in better agreement with the experiments than its Ising
limit, widely used before, but is still unsuccessful in predicting the ‘umbrella’
magnetic structures found by previous neutron and NMR experiments.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In the ferrimagnetic holmium–yttrium iron garnet, as in all the rare-earth iron garnets
(RIGs), the iron intrasublattice exchange interactions (∼200 T) far exceed the iron–rare-earth
intersublattice interactions (∼10–20 T), which, in turn, exceed the rare-earth intrasublattice
interactions (∼1 T). Therefore, in the available dc fields, the Ho3+ cations on the 24c site play
the role of a weak or ‘captive’ sublattice, whereas the net ‘a–d sublattice’ of the Fe3+ cations,
on the 16a and 24d sites, acts as one ‘strong’ sublattice with a moment MFe = Md − Ma .
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Whereas the Fe3+ anisotropy can be neglected, the Ho3+ anisotropy is actually very important
at low temperature, and the direction and magnitude of the holmium moments result mainly
from the interplay of (i) their large local anisotropy, (ii) the holmium–iron exchange interaction
and (iii) the external field action. For the six rare-earth sublattices, inequivalent with regard to
their local environment, this leads to the formation of conical arrangements of their moments
(the so-called ‘umbrella’ structures [1–3]) around one of the 〈111〉 axes, which are the overall
easy axes for most of the RIGs and especially for the studied Ho0.43Y2.57Fe5O12 compound.
In this material, the net moment MHo of all the holmium sublattices is always smaller than
the iron one and antiparallel to it in zero field, and so there is no compensation point in this
compound.

Previous experiments on related compounds in pulsed fields [4–7] or in static fields [8]
have shown that, at sufficiently low temperature, the increase of the applied field H gives rise
to ‘orientational’ phase transitions with step-like magnetization curves, corresponding to the
passage from the initial ferrimagnetic state to the ferromagnetic saturated state through several
canted phases. The number of these transitions depends on the orientation of the external field
with respect to the crystallographic axes. At higher temperatures, the rare earth anisotropy
is less effective and the reversal of the Ho moments is achieved first by demagnetization,
then by passing through zero values when H cancels the mean iron exchange field, and
finally by remagnetization up to saturation [9]. As a first explanation, it was previously
assumed [10, 5–7] that each Ho3+ magnetic moment had such huge anisotropy that it is rigidly
fixed to its local surrounding z axis. Under the action of the effective iron exchange field
and the external field, the six Ho sublattices are reduced to only three with their moments
equal and parallel to each 〈001〉 cell fourfold axis. The resultant Ho moment MHo then lies
along one of the eight 〈111〉 directions and this leads us to consider a maximum number of
eight possible domains or phases. The magnetization jumps are then ascribed to the discrete
passage of MHo from one 〈111〉 direction to another, as a result of the successive reversal
of the moments of the different Ho sublattices. During these reversals, the direction of the
iron moment MFe changes into its new equilibrium position. For peculiar directions u of
the applied field H , several of these 〈111〉 domains can have the same projection on H ,
and so they are equivalent and belong to the same degenerate phase. The number n p(u)

of inequivalent phases (Pi
u, i = 1 to n p) is then reduced together with the number of

observable magnetization steps (n p(u) − 1), especially if the applied field H is oriented
along high symmetry directions. For H along [111], the four phases are P1

111 = {[1̄1̄1̄]},
P2

111 = {[11̄1̄], [1̄11̄], [1̄1̄1]}, P3
111 = {[111̄], [1̄11], [11̄1]} and P4

111 = {[111]}, giving rise to
three transitions between them when the applied field successively reverses the moments of
Ho sublattices from the configuration with the resultant moment MHo ‖ [1̄1̄1̄] to the saturated
one with MHo ‖ [111]. On the same manner, for H ‖ [110], there are two transitions
between the three phases P1

110 = {[1̄1̄1̄], [1̄1̄1]}, P2
110 = {[11̄1̄], [1̄11̄], [11̄1], [1̄11]} and

P3
110 = {[111̄], [111]}. For H ‖ [001], only one jump can occur between the two phases

P1
001 = {[1̄1̄1̄], [11̄1̄], [1̄11̄], [111̄]} and P2

001 = {[1̄1̄1], [11̄1], [1̄11], [111]}.
In order to examine in more detail this quasi-Ising model and to improve the determination

of the involved parameters, we have undertaken precise magnetization measurements of
these transitions in Ho0.43Y2.57Fe5O12 single crystals under high static magnetic fields up
to 23 T. In this paper we are reporting the results obtained at liquid helium temperature
with the field oriented along the three main crystallographic axes: 〈111〉, 〈110〉 and 〈001〉.
Theoretical magnetization curves are calculated within the framework of the effective spin
Hamiltonian approximation [11]. They are compared with the experimental ones and their
physical implications are discussed.
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2. Experimental details and results

Several single crystals of Hox Y3−x Fe5O12 with a nominal holmium concentration x = 0.4 have
been grown by the standard PbO/PbF2 flux method [12]. Two sets of samples have been cut in
an almost spherical shape of about 5 mm (size 1) and 3 mm (size 2) in diameter respectively,
corresponding to an average of 0.3 and 0.06 g. They have been oriented along the main cubic
axes 〈001〉, 〈110〉 and 〈111〉 by the common x-ray Laüe technique and encapsulated in special
sample holders, filled with a methacrylate resin [13] in order to keep them well fixed even
with the huge torque developed under high field. The total misalignment with the applied field
H in all the experiments is estimated to be less than 2◦ in angle. The chemical composition
was checked using a scanning microscope (JSM-840A), electronic microprobe and chemical
analysis and also by checking carefully the specific magnetization of each sample in the low
field range. The results of these different methods show a greater dispersion than for the
previously studied compound (x = 0.24 ± 0.01) [8] and the composition was found to vary
from x = 0.41 to 0.45. So we take x = 0.43 ± 0.02, and all the magnetization results are
reported in Bohr magnetons per Ho0.43Y2.57Fe5O12 formula unit.

The magnetization value has been recorded using an extraction technique either in the two
superconducting magnets of the Laboratoire Louis Néel (LLN) up to 10 and 16 T for sample
size 1 & 2, or in the 23 T water cooled magnet of the Grenoble High Magnetic Field Laboratory
(GHMFL) for sample size 2 only. The measurements were made at a rate of about one per
minute. For the calibration of the different experiments, the same spherical single crystal of
YIG was used, the magnetization of which was carefully checked to be 5.016µB/fu Y3Fe5O12

at 2 K in the easy 〈111〉 direction.
The magnetization curves, obtained at the liquid helium temperature T = 4.2 K, when

the magnetic field H is applied along the different main crystallographic axes, are shown in
figures 1(a), (b) and (c) respectively. They bring to evidence rather sharp steps in magnetization
as the H strength is increased to the maximum and then decreased to zero. Their number for
each direction is as expected: three for H ‖ 〈111〉, two for H ‖ 〈110〉 and one for H ‖ 〈001〉.

It is worth noting that, within the relative experimental errors, all the observed transitions
are free of hysteresis, and that when the applied field is along the easy axis of magnetization
〈111〉 the absolute saturation is quickly achieved after the last jump (figure 1(c)).

The value of the spontaneous magnetization is Mo(H ‖ 〈111〉) = 2.07 ± 0.09 µB/fu.
Taking the magnetization of the iron sublattice as the experimental value for YIG, MFe

∼=
MYIG = 5.02 µB/fu, it corresponds to MHo = 2.95 ± 0.09 µB/fu and a mean Ho3+ moment
of 6.86 ± 0.21 µB projected along the 〈111〉 easy axis.

3. Discussion

The numerical magnetization curves are obtained as in our previous paper [8] by using the
framework of the effective spin Hamiltonian model (ESH) [11]: The free energy F of one
molecule of HoxY3−x Fe5O12 is

F = −MFeµ0H − x

6
kBT

6∑
q=1

ln 2ch

(
�q

kBT

)
where �q =

∣∣∣∣−µBµ0Hg̃q +
MFe

MFe
G̃q

∣∣∣∣ ,

g̃ is the paramagnetic tensor, G̃q = µBMFeñg̃q is the exchange tensor, ñ is the molecular
field coefficient tensor and the sum is over the six inequivalent holmium sites of D2 symmetry.
This model has the advantage of including the quasi-Ising model corresponding to the case
of finite gz and null values for gx and gy for the g tensor diagonal parameters, which is
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Figure 1. Magnetization curves of Ho0.43Y2.57Fe5O12: (a) H ‖ 〈111〉, (b) H ‖ 〈110〉, (c)
H ‖ 〈001〉, (d) model C.

referred to in the following as the Ising model or model A. With given values for the g tensor,
the field H and the temperature T , the net holmium moment MHo and the free energy F
of the system Ho0.43Y2.57Fe5O12 are calculated with respect to the two polar angles θ and
φ of the iron sublattice magnetization vector MFe, using the Scilab environment [14] on a
PC computer. All the minima of this energy surface F(θ, φ) can then be easily located and
well determined by a quasi-Newton method, not only the lowest one corresponding to the
ground state, but also the other local minima which are related to metastable states. For
each couple (θ, φ), the configuration of the moments is fully determined and the phases
can be assigned to each minimum without any ambiguity. When the M(H ) curves are
calculated, if the lowest energy minimum is always taken for each value of the field H ,
the curves are reversible, i.e. independent of the sample field history, and they correspond
to thermodynamical equilibrium and true isothermal conditions. But one can also follow by
continuity the metastable states until their limit of stability, when they become unstable as
the determinant of the F second order local derivatives vanishes. The M(H ) curves obtained
in this way show the maximum possible hysteresis when H is increased or decreased in a
continuous way.
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Figure 2. Free energy surface F(θ, φ) and its contour plot for the Ising model (ESH with
gx = gy = 0, gz = 22.5), with H = 9 T ‖ [111] at T = 4.2 K; θ and φ are the polar
angles of the magnetization vector MFe in degrees. The projections of the minima with the same
energy F2 or F3 are connected respectively by solid and dashed lines. The energy interval between
two successive contour lines is 2 J mol−1.

This is illustrated as an example in figure 2, where the energy surface F(θ, φ) is shown for
µ0H = 9 T ‖ [111], just below the second transition in the Ising case (see also figure 1(a)).
In order to not introduce more variables, the same values as in [8], except x = 0.43, have been
taken for the other parameters: MFe = 5 µB/fu, gx = gy = 0, gz = 22.5 and an isotropic
effective exchange fieldµ0 Hexch = 11 T which correspond to an isotropic molecular exchange
coefficient tensor n = 2.2 T mol/µB and a field of 26.5 T acting on the true spin S. In these
conditions, the initial phase P1

111 of free energy F1 with MHo ‖ [1̄1̄1̄] and MFe ‖ H ‖ [111] is
no longer the ground state after the first transition at µ0 Hc1 = 5.95 T, but remains metastable
until 9.6 T. The second phase P2

111 corresponds to the three minima around [111] with the same
lowest free energy F2 = −301.56 J mol−1 (=36.27 K) and MHo along one of the directions
[11̄1̄], [1̄11̄] or [1̄1̄1]. The three other minima of energy F3 = −299.49 J mol−1 (=36.02 K)
correspond to the third phase P3

111 with MHo ‖ [111̄], [1̄11] and [11̄1] respectively. They will
become the lowest ones for µ0 H > µ0 Hc2 = 9.25 T. The final saturated phase P4

111 in high
fields (MHo ‖ MFe ‖ H ‖ [111]) is not stable before 12.8 T but becomes the ground state for
µ0 H > µ0 Hc3 = 14.45 T.

It can also be seen in figure 2 that the lowest energy barrier between the two phases P2
111

(F2) and P3
111 (F3) is about 10 J mol−1, a few more than 1 K. It is therefore quite normal

that no hysteresis can be observed in our experiments, performed at 4.2 K or even 1.7 K, and
we would need to lower the temperature down to the millikelvin range in order to see this
signature of the first order nature of the transitions. The hysteresis observed in the previous
pulsed field experiments is most probably due to the high level of field sweeping rate, together
with magnetocaloric effects and thermodynamics inside the sample, and, as an added remark,
the critical fields are systematically higher in pulsed fields than in our static measurements.

The curves at equilibrium are reported in figures 1(a)–(c) for each applied field direction,
together with the stability limits and the corresponding curves, except in figure 1(a), where
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Table 1. Transition critical fields for the different directions of the applied magnetic field.

Applied field direction 〈111〉 〈110〉 〈001〉
Critical field (T) µ0Hc1 µ0Hc2 µ0Hc3 µ0Hc1 µ0Hc2 µ0Hc1 µ0Hc2

Pulsed fieldsa 9.0 12.2 16.2 8.5 13.9 12.2
8.1 10.6 15.8 7.5 13.1 11.3 n.a.

Static fields (this work) 6.0 9.5 14.9 7.2 12.9 10.0 >22

Ising (model A)b 9.6 11.7 15.1 9.6 12.9 9.8
5.95e 9.25 14.45 7.05 12.35 9.75
0 0 12.8 0 10.9 9.2 n.a.

Model Bc 9.0 11.0 15.2 8.5 12.7
5.95 9.25 15.05 7.05 12.65 9.2
0 0 14.3 0 12.3 n.a.

Model Cd 8.35 14.9 15.5 8.35 10.95–13.75 8.85–10.35 17.8
0 14.7 15.3 5.55 16.7

a See [5].
b ESH with gx = gy = 0, gz = 22.5.
c gx = gy = 6, gz = 20.84.
d gx = 0, gy = 12, gz = 19.
e Calculated values at equilibrium are underlined.

the very large calculated hysteresis for each phase would lead to an intricate and confusing
situation. The different critical fields which can be estimated are also reported in table 1.

The calculated values at thermodynamical equilibrium for the Ising model are surprisingly
in fair agreement with our observations, but the magnetization jumps are overestimated, and
the slope between the transitions is too small (figure 1). Further, as already pointed out [15], the
gz value of 22.5, which gives a spontaneous overall moment in agreement with the experiment,
is too high because the calculated Ho moment is then 11.25µB, well above the maximum free
ion value of 10 µB.

In order to avoid this problem and to improve the model, we have tried in model B to
keep for Ho a large but not infinite anisotropy of the uniaxial type around the z local axis,
taking gx = gy = 6 and gz = 20.84 as an example, with a corresponding Ho moment
of 9.7 µB. The critical fields are about the same or even better, with less hysteresis. The
magnetization jumps are also in better agreement, especially for the upper ones in figures 1(a)
and (b) for the 〈111〉 and 〈110〉 directions respectively. For the 〈001〉 case, figure 1(c), the
general shape of the magnetization curve is closer to the experimental one and the nature of
the calculated transition has changed to second order with no calculated hysteresis. These
improvements seem to confirm the uniaxial nature of the local Ho anisotropy. Nevertheless,
the two precedent models give rise to only one magnetic structure of the Ho moments around
〈111〉 in the spontaneous groundstate, while it has been observed by neutron diffraction and
NMR techniques that there are two different ‘umbrellas’, one with a moment m1 ∼ 9.5 µB

close to the maximum free ion value and a small cone angle ψ1 ∼ 18◦–33◦, the other with
a smaller moment m2 ∼ 8 µB but a greater conical angle ψ2 ∼ 50◦–60◦ close to the local
z axis angle [1–3]. In the frame of the SEH model and the isotropic molecular exchange
hypothesis, there are only two ways to obtain such different ‘umbrellas’, one is for gx/gz ∼ 0
and gy/gz ∼ 0.6, and the other for gx/gz ∼ 0.6 and gy/gz � 1. The last one has to be rejected
because in that case the easy direction for MFe is no longer the threefold axis 〈111〉 but has
become the fourfold axis 〈001〉.
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So we tried a calculation (model C) with the values of the g tensor gx = 0, gy = 12 and
gz = 19, which give m1 = 9.5 µB, ψ1 = 54.7◦, m2 = 8.1 µB and ψ2 = 25.3◦. The results are
shown in figure 1(d) and it is obvious that they are in poor agreement with the experiments,
especially for the 〈111〉 and the 〈001〉 directions, where for the former the second and third
transitions are pushed close together in high fields with very little hysteresis, and for the latter
by the appearance of a second first order transition to saturation and a continuum of second
order transitions in the middle.

This seems to show that the magnetization behaviour under high magnetic fields and the
magnetic structures found by neutron and NMR experiments are somewhat inconsistent or
that the ESH model is unable to account for this system. Some improvements can be made by
introducing a large exchange anisotropy but it would add at least two other parameters for the
G tensor and then any fit would have little chance to be reliable.

The most questionable hypothesis which is underlying in the ESH model is that the crystal
field energy levels are changing linearly under the Zeeman effect of the external magnetic field
or the effective exchange field. As has been already remarked [15], this may be not the case
for the Ho3+ ions especially as, due to the peculiar arrangement of the magnetic structure,
the magnitude of the total acting field is decreased from about 10 T to almost zero and then
increased again to about the same or higher values when the external field is varied upwards.
The model is then valid only for a reduced window of field and, in other words, is not suitable
in the whole range of fields with the same values of the parameters. Nevertheless, a direct
crystal field calculation, including external magnetic field and exchange interaction effects,
would involve even more parameters and need very reliable constraints.

4. Conclusion

We have made a precise determination of the spin reorientation transitions under high magnetic
fields on the Ho0.43Y2.57Fe5O12 compound. The comparison with the calculations in the
effective spin Hamiltonian approximation (ESH models B and C) shows that the nature of
the transitions, especially for the high field ones, the associated magnetization jumps and the
slope between them are very sensitive to the g tensor parameters, but in contrast the critical
fields are less affected. An attempt to account for the double-‘umbrella’ structure with an
isotropic molecular exchange field (model C) was unsuccessful, and this led us to consider a
large anisotropy of the Ho–Fe exchange interactions either in the ESH model, with parameters
depending on H, or in a direct crystal field calculation. But, first, because of the greater number
of involved parameters, the constraints to the fit have to be more carefully checked.
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