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Abstract. Magnetization curves for TmeFe14B, at 4.2 and 78 K, have been calculated for
external magueltic fields up to 200 T, applied in the a—b plane, by using a first-principles
model of the Tm-Fe exchange and crystal-field interactions. It has been shown that at
4.2 K there is a field-induced planar fan-magnetic structure for moderate fields applied
along the [100] direction. In this applied field range, the Fe-sublaitice magnetization
is not parallel to the applied field direction. First-order magnetization processes are
predicted at 4.2 K, at critical fields of uoH¢1 = 479 T (with a corresponding change
in magnetization of AM = 690 pg FU~!) and poHyp = 735 T (AM = 994 up
FU~!) for [100] and poHy = 598 T (AM = 7.89 up Fu~!) for [110}, respectively.
At 78 K, a ferri—ferromagnetic transition has been identified in both the [100] and
[110] magnetization curves. Initially, the Tm moments are canted about the negative
Fe-sublattice magnetization direction. When the external applied field increases, the
magnitudes of the Tm moments decrease and vanmish at the critical field, poHg =
62.2 T, which is exactly equal 10 the exchange field acting on the Tm®+ jons. With
further increases in applied field, the magnitudes of the Tm moments, which are now
canted along the positive Fe direction, increase again.

1. Introduction

Since the discovery of the ternary R,Fe,,B (R = rare-carths) series, there have
been extensive studies of their intrinsic magnetic properties [1-3]. In particular,
the exchange and crystal-field interactions have been studied in great detail [4-6].
Amongst these compounds, those with a positive second-order Stevens coefficient oy
i.e. Sm, Er, Tm and Yb, exhibit an easy plane anisotropy at low temperatures [1-3]. It
is well established that the Er,Fe,,B and Tm,Fe,,B compounds adopt a spontaneous
in-plane canted magnetic structure, and undergo a planar—axial spin reorientation
with increasing temperature, due to the competing contributions of the anisotropies
of the R and 3d sublattices. The spin reorientation temperatures are 324 K and
313 K for Er,Fe,,B and Tm,Fe, B respectively [7-12]. The planar canted magnetic
structure consists of one Fe-sublattice magnetization lying along [100}, and four in-
plane R magnetic moments canted around the [I00] direction, with a ferrimagnetic
R-Fe coupling [13,14]. This type of magnetic structure shows several interesting
features, e.g. complex magnetization processes, spin reorientations and spin-flop (vide
infra), which can be used to determine accurately the exchange and crystal-field
interactions acting on the R3* jons. It has been shown that the dominant crystal-field
contribution to the planar anisotropy is the second-order orthorhombic (mm point
symmetry) term, B,,0,, [15], which is mainly responsible for the in-plane canted
magnetic structures found in Er,Fe,,B and Tm,Fe, B.
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From some simple theoretical considerations [16-19], a sudden change in the
magnetic structure from ferri—ferromagnetic at a critical applied magnetic field
is expected for these kinds of ferrimagnetic compounds. A particular case of a
ferri—ferromagnetic transition is the so-called spin-flop transition in which the mag-
nitude of the magnetic moments remains constant during the transition. Hiroyoshi et
al [16] and Kido er al [17] claimed that some incipient signs of the spin-flop transi-
tion are evident in their high-field (up to 40 T and 50 T respectively) magnetization
measurements on Er,Fe, B and Tm,Fe,;,B. These authors expected to sce 2 spin-
flop transition but it was unfortunately not possitle as their maximum applied field
is just below the critical fields. More recent high-field magnetization measurements
on a [100]-oriented powder sample of Er,Fe,,B [20,21] showed a sudden upturn in
magnetization, AM =~ 4pp/FU~Y at a field of about 42 T Generally, one expects a
change in magnetization of ~2Mp, in the case of a collinear ferrimagnetic to collinear
ferromagnetic transition (which for Er,Fe,,B ~ 18 uy FU~!). Radwanski et af [5],
Yamada et a/ [6] and Zhao and Jin [22] used a simple three-sublattice model with only
second-order crystal-field interactions and an Fe-sublattice magnetization rigidly fixed
to the [100] direction in their analyses of such magnetic data. These assumptions led
to unsatisfactory agreement between experiment and theory, Kohashi ef al {21] used a
classical five-sublattice model with a phenomenological second-order anisotropy term
and so were unable to give a full account of such complicated magnetic structures,
despite the good qualitative predictions. In particular, these models [5,6,18,20,22]
are unable to explain the low value of the experimentally observed A M, this can
only be explained qualitatively by the classical five-sublattice theory [21]. A quantitative
analysis of this phenomenon can only be achicved within a more sophisticated first-
principles theory in terms of exchange and crystal-ficld interactions [4]. Our previous
paper [15] gave a quantitative description of the complicated magnetization processes
in Er,Fe B, at 4.2 K and 78 K. We showed that before the {ull ferri—ferromagnetic
transition occurs there are several field-induced intermediate in-plane fan-magnetic
structures.

In this present work, we extend our theoretical work to give a full account of the
magnetic behaviour of Tm,Fe, B for high applied magnetic fields up to 200 T. We
will show that two types of high-field magnetization process occur in the theoretical
high-field magnetization curves. The origin of the intermediate planar fan-magnetic
structures within the ferri— ferromagnetic transition is discussed. We will demonstrate
that the interplay of the external magnetic ficld and the Tm-Fe exchange interaction
leads to zero Tm magnetic moments at a critical field, in the presence of the crystal-
ficld interaction of the Tm3* ions.

2. Theoretical background

Table 1 shows a set of crystal-field parameters and the exchange coefficient npyp,
which were deduced for Tm,Fe, B [13,14] from fits to single-crystal magnetization
curves obtained with an external magnetic field up to 18 T This set of parameters
reproduces well (i) the in-plane canted spin structure and (ii) the plane-axis spin
reorientation at 313 K, as observed. In the R,Fe,,B structure, the R ions occupy
two crystallographically inequivalent sites, 4f and 4g (using the notation of Givord et
al [23]), both with orthorhombic point symmetry mm. Each crystallographic R site
splits into two magneticaily inequivalent sites having different signs of the crystal-ficld
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coefficients A, ,, A, (n = 2, 4 and 6). We note that the signs of A,, for these
four Tm sites are f;: —; f5: +; g, +; and g,: —. This difference in sign is due 10 a
rotationp by 90° about the c-axis between the orientation of the local symmetry axes
of the atoms located in the crystallographic planes z = 0 and z = 1/2. Hence, the
spin structure resulting from this model consists of four R sublattices oriented about
a rigid Fe sublattice. A spontaneous canted spin structure was predicted, with this
set of parameters, in which the in-plane Tm magnetic moments at the f and g sites
cant symmetrically with angles of ¢; = 13.4° and ¢, = 27.1°, referred to the negative

Fe-sublattice magnetization direction ([100]), which are in excellent agreement with
the experimental results: ¢; = 14.9 + 1.8°, ¢, = 34.1 £ 6.4° [9].

Table 1. Crystal-ficld coefficients and the Tm-Fe exchange coefficient used in our
caleulations [13,14].

Azo , Az . Aso ’ A4_4 Aso . Asq ATmFe
(Kag®) (Kay ™) (Kag™*) (Kagty (Kay™) (Ka5®) {po)

f site +258.1 +204.5 =123 +34.7 -1.75 =265 135
g site +261.8 +617.0 -108 -325 =170 -10.1 135

The first-principles exchange and crystal-field model used for the present work
has been described in great detail in [4]. Here, we will summarize briefly the basic
equations. The single-ion rare-earth Hamiltonian used in the calculations is

Hy = B - 2{g; - 1)Jup+ Hy+ poH - g5 pp. ¢)]

The first term is the exchange interaction which in general contains two contributions,
R-Fe and R-R; as the R-R exchange is usually very small compared to the R-Fe
exchange in the rare-earth iron-rich intermetallic compounds [24] (Iess than 5% of
the R-Fe exchange), we neglect it in the present model. The exchange field acting
on the Tm®* ions is given by B, = —ngp{Mp.). The third term is the Zeeman
term which accounts for the effect of an externally applied magnetic field, H. The
single-ion crystal-field Hamiltonian of the Tm3* ions is

Hcf= Zanmonm (2)

where the {O, 1 are operator equivalents and the {B,,,} are the crystal-field
parameters which are related to the so-called crystal-field coefficients {4,,,,} by

B = 0,(r"} A, €)

where 8, are the Stevens factors for the rare-earth ion [25) and {r™) are the nth
radial moments averaged over the 4f electronic shell, which have been tabulated
by Freeman and Desclaux [26]. There are only nine pon-vanishing terms for each
R site in equation (2) due to the point symmetry and a detailed description has
been given in our previous paper [4]. In the present calculations, the values of
the Fe-sublattic magnetization, {Mg.), at 4.2 K and 78 K are taken to be 31.7 and
31.4 up FU~! [27], respectively. In this work, we are only looking at the planar
magnetization processes which implies that no contribution to the in-plane anisotropy
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from the Fe sublattice is expected (e.g. the Fe-sublattice anisotropy energy is constant
. 3 Fe .

and equals the Fe-sublattice second-order anisotropy constant K7°). Since the Fe-

sublattice magnetization is assumed to be rigid we need not consider the strong Fe-Fe

exchange interaction explicitly here. The total energy of the Tm,Fe,,B formula unit

can thus be found after diagonalization of the Tm Hamiltonian (equation (1)) and is

defined as follows

1 i
Byl = Kfe - poH - (IMFe) + 5 Z FR(Tm( )) 4

where the free energy of the Tm®* ions is calculated from the relation Fyp =
—kpTInZy (where Zp is the partition function of the Tm®* ions), and i runs over the
four magnetically inequivalent Tm®* ions: f,, f,, g, and g,. The magnetic structure
therefore is determined by minimizing E,,,, by rotating the Fe-sublattice magne-
tization direction at given applied field and temperature. The resulting magnetic
moments (m) of the Tm3+ ions are calculated from the obtained eigen-functions, by
using the relation m = ({L) + 2{S))ug-

3. Results and discussion

In figures 1(a) and 2(a), the calculated 4.2 K {100]- and {110]-magnetization curves
are plotted. The solid symbols in figure 1(a) represent the experimental data [16].
The agreement beiween these data and our theoretical results is excellent. It can be
seen from these figures that there are two magnetization processes for both curves,
namely puoH , = 479 T and uoH,, = 73.5 T for [100] and o H,y = 59.8 T and
poH, = 147.0 T for [110]. Both magnetization processes for [100] are first-order
(FOMP) with corresponding changes in magnetization of AM = 6.90 ug FU™! and
9.94 up FU~! respectively, while for [110] the first is a FOMP with a corresponding
change in magnetization of AM = 7.89 ug FU™! and the second process is the
saturation process with an in-plane saturation field, uo H, = 147.0 T. Table 2 gives
the corresponding resujting critical parameters. Figures 1(¢) and 2(b) show the in-
plane angles (referred to the crystallographic [100] dircction), ¢, of the magnetization
of Fe and the four Tm sublattices as a function of the applied magnetic field.

Table 2. Values of the critical fields and the corresponding changes in the magnetization
for the magnetization processes at 4.2 K.

poHa AM Order
(T) (ue FUT!)
[100] 479 690 I
73.5 9.94 I
[110) 59.8 7.89 1
140.7 — - H

There are three quite distinct regions in the 4.2 K [100]-magnetization curve
which correspond to the thrce types of planar fan-magnetic structure. In the low-field
structure (for fields lower than H_,) both magnetic moments of the f or g group
cant symmetrically about the negative direction of the Fe-sublattice magnetization,
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Figure 1. Calculated magnetization curve for an
external magnetic field applied afong the [100} di-
rection of TmaFesB a1 4.2 K: (a) M{H); the
solid symbols represent the experimental data of

Figure 2. Calculazted magnetization curve for an
external magnetic field applied along the [110] di-
rection of TmyFei4B at 4.2 K: (a) M (H) and (b)
the planar angles of the Fe and Tm moments (re-

ferred to the [100] direction). The solid horizontal
line in (b) represents the applied magnetic field
direction.

Hiroyoshi et al {16] and (b) the planar angles of
the Fe and Tm moments (referred to the [100]
direction).

which coincides with the applied field direction, [100]. The intermediate structure is
field-induced planar fan-magnetic structure for applied fields in the range H_, to H_,.
This structure is characterized by quite unusual spin configurations (see figure 1(b)),
namely the Fe magnetization cants away from the applied field direction, [100], with
a maximum canting angle of 24.9°, while the Tm®* magnetic moments adopt an
asymmetric structure. Finally, the high-field structure exists for fields greater than
H,, and up to infinite field and has a similar configuration to the Jow-field structure
except that the Tm-Fe coupling is canted ferromagnetic whereas the latter is canted
ferrimagnetic. The Tm-Fe coupling type may be classified as canted ferrimagnetic
when the average coupling angle between the Tm and Fe sublattices is greater than
90° and as canted ferromagnetic coupling when it is less than 90°. Therefore, the
field-induced planar fan-magnetic structure is an intermediate structure between the
canted ferrimagnetic and the canted ferromagnetic structures.

For the calculated 4.2 K [110]-magnetization curve, there is no clear transition
between the canted ferri- and canted ferromagnetic coupling. The Tm®*+ magnetic
moments adopt an asymmetric arrangement about the negative Fe-sublattice magneti-
zation direction {or fields lower than the saturation field, z, 7, = 147.0 T A collinear
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ferromagnetic structure is found for fields greater than the saturation field, H,, where
all the magnetizations of the sublaitices are along the applied field direction [110].

Compared to the 4.2 K [100] case, there are three major differences for [110]:
(i) the first critical field is Jarger by about 12 T, (ii) there is only one FOMP in the
{110] case compared with two in the [100] case, and (iii) it is possible to saturate the
magnetization along the [110] direction (uoH, = 147.0 T) whilst for the [100] case it
is not (pg ;= oo).

As detailed in our previous paper [15], the existence of the field-induced planar
fan-magnetic structure derives from the fact that the large decrease in the Zeeman
energy of the Tm3+ jons upon rotating the Tm moments closer to the applied mag-
netic field direction, more than compensates for the increase in the Fe-sublattice
Zeeman energy, the Tm-Fe exchange energy and the planar anisotropy energy of the
Tm3* jons. Thus it is natural to conclude that the planar fan-magnetic structures are
truly field-induced.

The calculated 78 K {100]- and [110]-magnetization curves are plotted in fig-
ures 3(a) and 4(a), respectively; the solid symbols represent the experimental values
reported by Kido er af [17]. We see again that the agreement between theory and
experiment is very good. There are no FOMPs present in these magnetization curves.
However, there is a transition for the [110] case: the Fe-sublattice magnetization
is along the applied ficid direction, [110], and all the Tm moments are along the
negative [110] direction at a critical field of, pH ; = 18.1 T (see figure 4(a)); this
is a collinear ferrimagnetic structure.

Figures 3(b) and 4(b) give the field dependence of the in-plane angles (referred to
the [100] direction), ¢, of all five sublattices’ magnetizations. From these figures, we
see that there is a sudden change in ¢ for all four Tm moments at a critical field of
62.2 T at 78 K. This change in the orientation of Tm moments does not lead to any
change in the total magnetization (see figures 3(u) and 4(a)); this is only possible if
the Tm moments are all zero at the critical field, This is in fact the case as shown in
figures 3(c) and 4(c) where the four individual Tm magnetic moments as a function
of applied magnetic ficld are presented.

From the relative canting angles between the Fe and four Tm sublattices presented
in figures 3(b) and 4(b) we can conclude that the transition, at a field of 62.2 T,
marks the change of the coupling scheme from ferri—ferromagnetic. Initially, the
Tm moments are canted about the negative Fe-sublattice magnetization direction.
When the externai applied field increases, the Tm moments decrease and vanish at
the ferri—ferromagnetic critical field, ug Hy = 62.2 T, which is exactly equal to the
exchange ficld acting on the Tm®* ions. For applied fields greater than 62.2 T, the
Tm moments increase again but are now canted along the positive Fe direction. The
effective field acting on the Tm>7 jons is zero when the external applicd field exactly
equals the exchange field. As a result, the total exchange plus Zeeman splitting of
the Tm energy levels vanishes, which leaves only the crystal-field term in equation
(1), ie. Hg = H,. Tm 3 js a non-Kramers jon and consequently, in the absence
of any effective magnetic field, the pure crystal field splits the ground 4f J-multiplet
into a single and six doublets [28]. Thus, {J,) = 0 and the Tm®* moment is zero.
Since Er* is a Kramers ion, the pure crystal-field ground states are, at least, a pair
of degenerate states leading, in general, to a non-zero {J,) and hence a non-zero
Er** moment in Er,Fe, B [15].

Unlike in the case of 4.2 K, Tm,Fe, B shows a clear ferri—ferromagnetic tran-
sition at 78 K without any intermediate magnetic structure. The magnitudes of the

erl
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Tm moments change continuously throughout the transition, passing through zero
moment at the critical field. Hence, this transition is a general ferri—ferromagnetic

transition rather than a spin-flop transition.

It is expected that the crystal-field interaction plays a key role in the magneti-
zation processes studied above. First, we consider the planar anisotropy energy of
macroscopic Tm3* ions which can be written as [15]

E,(¢) =r'sin2¢+ k" cos4¢ (5)
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where

w! = 3 Byy{040(0))

6
k" = {5[2B44{040(0)) = Bsy{Oso(0)}] .- ®

Values of «' and «’* for the four Tm3* ions in Tm,Fe,,B are listed in table 3. The
dominant planar crystal-field term is the second-order orthorhombic term, B,,0,,
(i.e. «'), and the higher terms (i.e. «’) give some small modulations superimposed
on the sin2¢ dependence. There are two minima for ¢ in the range —180° to
+180° in the sin 2¢> dependence: for a positive &’ (for f, and g,) we have ¢, =
135° or —45° while for negative <’ (for f; and g,) we have ¢, = 45° or —135°,
This creates the possibility that a large change in the Tm moment directions will not
cause & large change in the Tm in-plane anisotropy energy. This is the key point
for the magnetization processes found in Tm,Fe,,B and Er,Fe,,B [15]; in other
words, the crystal-field interactions provide the necessary conditions for having such
magnetization processes at 4.2 K.

Table 3. Values of the macroscopic planar anisotropy constant =’ and <" at 0 K (in
units of Kfion) as defined in equation (3).

fi f2 & £2

&' —4638 +4638 +139.9 —1399
k' - 423 —423  —487 —487

The difference in the magnetization curves between 4.2 and 78 K is quite re-
markable; in the former there are sdme FOMPs while in the latter there are only
ferri— ferromagnetic transitions. This is mainly due to the relative importance of the
crystal-field interaction compared to the exchange and the Zeeman term in these
two temperature ranges: at very low temperatures the crystal-field interaction is rel-
atively important and creates a strong planar anisotropy for the Tm3+ jons which
makes the field-induced planar fan-magnetic structure possible. At 78 K, the crystal
field becomes less important and any spin configuration with the Fe sublattice canted
away from the applied field direction will be energetically unfavourable; therefore no
field-induced planar fan-magnetic structure can occur, and instead the Fe-sublattice
magnetization remains along the applied field direction. In this case, as the applied
field increases, the effective field (applied field plus exchange field) acting on the
Tm3* jons will decrease at first, and pass through zero when the applied ficld equals
the exchange field, then increase in the reverse direction.

Finally, it should be noted that the present calculations give, for the first time, the
corrcct, quantitative planar-magnetization curves, at 4.2 and 78 K, of Tm,Fe,,B for
applied fields up to 200 T. All the theoretical predictions in the present calculations
are, of course, subject to verification in the futurc and await further advances in
high-magnetic-field technology.
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4. Conclusion

In this present work, a full account of the magnetic behaviour of Tm,Fe,,B for high
applied magnetic fields up to 200 T, along both [100] and [110], at 4.2 and 78 K, has
been given by calculations using a first-principles crystal-field and exchange model.
It has been shown that Tm,Fe, B exhibits several quite distinct magnetic structures
depending on the strength of the applied magnetic field. One unusual feature of this
magnetic behaviour is that, for applied magnetic fields in a certain range and along
the casy magnetization direction, [100], at 4.2 K, the Fe-sublattice magnetization is not
parallel to the applied field direction. Ferri—ferromagnetic transitions are predicted
for both the [100]- and [110]-magnetization curves at 78 K.
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