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A magnetization study of a Tm,Fe,; single crystal and aligned powder of the deuteride Tm,Fe ;D3 , has been
carried out in steady (14 T) and pulsed (60 T and, in one case, up to 74 T) magnetic fields at temperatures between
1.5 and 300 K. Tm,Fe;; is a ferrimagnet with 7 = 295 K and a spontaneous moment of 22 pp/fu. at T =
4.2 K. Of particular interest are low-temperature magnetization curves along the sixfold crystal axis ¢, which is
an easy direction in Tm,Fe;; and a hard direction in the deuteride. In either case the magnetization increases
with magnetic field undulatorily in broad steps whose height is a multiple of the atomic moment of Tm, pry, =
7 wp. In TmyFey7, the positions of the steps yield information on the Fe-Tm molecular field, 48 T on the Tm 2d
site and 60 T on the Tm 2b site, whereas the crystal field parameter Agc is found from the widths of the steps:
Ags(b) = =35 Ka, 6 and Age(d) = —26 Ka, % (here a is the Bohr radius). It also proves possible to estimate the
other sixth-order crystal field parameter: Agp ~ —4 Ka,, 6 (on average for both sites). Less information can be
extracted from the powder data for the deuteride. Thus, the mean molecular field on Tm in Tm,Fe;; D5, is found
to be 49 T or 9% less than in the parent binary compound.

DOI: 10.1103/PhysRevB.88.174406

I. INTRODUCTION

The R,Fe;; compounds and their hydrides R,Fe;7H,,
where R is a rare earth element, crystallize in either the
ThyZny7 or the Th;Ni;; structure type, depending on the size
of the rare earth atom. They were extensively investigated in
the 1960s and 1970s, (Refs. 1-6) and nowadays they are still a
matter of active research.”” Due to their large magnetization,
R,Fe7 with light rare earths were once considered potential
candidates for permanent magnet applications. Indeed, some
of their derivatives, such as SmyFe7;N3 or Smj,(Fe, Co,
Zr),7, possess excellent permanent magnet properties.'®!3
Thus, R,Fej; are of interest from both technological and
fundamental viewpoints. Most of these compounds exhibit
ferro- or ferrimagnetic order with rather moderate Curie points,
slightly above room temperature. Interstitial insertion of light
elements, such as H, C, or N, was found to strongly modify the
magnetic properties of RoFe;7, which rekindled the interest in
these compounds in the early 1990s (Refs. 10, 11, and 14-18).
An extensive study of the structural, magnetic, and Mossbauer
spectroscopic properties of R,Fe;7 and R,Fe7H, was carried
out by O. Isnard and coworkers.'"">=3% One should also
mention the work on pressure-induced noncollinear magnetic
structures in Lu,Fe;7; (Ref. 31), Ce,Fe;; (Ref. 32), Y,Fe 7
(Refs. 8 and 33), and Er,Fe;7 (Ref. 34). The strong effect of
hydrostatic pressure on the magnetic properties is opposite to
that of interstitial hydrogen, so that the latter is sometimes
described as negative pressure.®

Like other R,Fe|; with heavy rare earths, TmyFe|; has
the hexagonal Th,Nij;-type crystal structure (space group
P63/mmc; see Fig. 1). The structure consists of Tm-Fe layers
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(all Tm atoms and Fe atoms on the 12 sites) separated by a
distorted Kagome nets of Fe atoms on the 6g and 12k sites.
Pairs of Fe atoms on the 4 f sites (the so-called dumbbells)
and the Tm(2d) atoms make alternating chains running along
the c axis. There is another group of parallel, purely Tm chains
consisting of the Tm(2b) atoms. In the interstitial solutions,
hydrogen (deuterium) atoms preferably occupy the octahedral
6h sites.

Tm;,Fe 7 is unique among the R,Fe;7 compounds in being
an easy-axis ferrimagnet. The easy-axis structure is only stable
below about 80 K; at higher temperatures the magnetization
vector lies in the basal plane.>® The spin reorientation in
Tm,Fe 7 attracted much attention over the years.4’3641 A more
careful look at the reorientation reveals that it is a continuous
process involving two second-order phase transitions at Tsg; =
75 K and Tsr, = 105 K (Ref. 37). At yet higher temperatures,
between 6r = 235 K and Ty = 275 K, TmyFe;; has a
noncollinear (helimagnetic) structure.>® Interstitial insertion
of hydrogen or deuterium leads to the formation of hydrides,
Tm,Fe;H,, or deuterides, TmyFe7;D,, with 1 < x < 3.2,
accompanied by a simultaneous increase of the unit cell
volume, magnetic ordering temperature, and the magnetic
moment of iron, as well as a suppression of the helimagnetic
and the easy-axis ferrimagnetic phases.'”3

Tm;Fe ;7 has not yet been studied in high magnetic fields,
and it is not clear what kind of behavior one can expect of
it, given that it is the only easy-axis ferrimagnet among the
R,Fej; compounds. The previously investigated easy-plane
Er,Fe 7 (Ref.42) and Ho,Fe 7 (Ref. 43) provide no clues in this
respect. In a magnetic field, their spin structures evolve from

©2013 American Physical Society
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FIG. 1. (Color online) Crystal structure of Tm,Fe;.

ferri- to ferromagnetic via an intermediate canted state where
coherent rotation of the sublattice moments takes place in the
basal plane. The same type of behavior cannot be expected a
priori if the basal plane is magnetically hard.

If one turns for clues to the isostructural R,Co;; com-
pounds, one finds only two easy-axis ferrimagnets among
them: Er,Co;7; and Tm;Co;;. Both were studied in high
magnetic field and showed a markedly disparate behavior:
While Tm;Coy;7 undergoes continuous remagnetization into
a forced ferromagnetic state,** the magnetization of Er,Coyy
experiences a jump followed by a prolonged interval of further
continuous growth.*> As the last remaining representative
of the easy-axis group, Tm,Fe;; is of special interest. At
the present level of knowledge, one cannot foretell whether
TmyFe 7 will behave in a high magnetic field like Tm,Coy7,
like Er,Coy7, or unlike either of them.

In the present paper, we have studied the magnetization of
a single crystal of Tm,Fe;; and aligned powder samples of
Tm,Fe ;D3 in steady and pulsed magnetic fields (in one case
as high as 74 T). The paper is organized as follows. Section II
contains a description of the experimental techniques, and
Sec. III presents the results. Section IV introduces a theoretical
model that is then used in the Discussion (Sec. V). Section VI
concludes the paper.

II. EXPERIMENTAL DETAILS

Polycrystalline Tm;Fe; was prepared by induction melting
of 99.8% pure Tm and 99.95% pure Fe. Part of the obtained
ingot was subsequently re-melted in a resistance furnace
with a high temperature gradient. The grain size of the
recrystallized samples depended sensitively on the position
of the yttrium-oxide crucible in the furnace and, in the best
case, several 2-mm-large grains were found. These were
extracted and checked for single crystallinity. The best one
of them was selected for magnetization measurements and
oriented by using back-reflection x-ray Laue patterns. The
lattice parameters determined by means of powder diffraction
(a = 841.0 pm, ¢ = 829.5 pm) are in good agreement with the
literature.

The deuteride was produced from the polycrystalline ingot
annealed for two weeks at 1270 K in a sealed evacuated quartz
tube. The deuteration was conducted by way of a solid-gas
reaction between the Tm,Fe 7 ingot and D, gas. The deuterium
content in TmyFe;7D, was determined by the gravimetric
method to be x = 3.2 £ 0.1. Phase purity of the deuteride was
controlled by powder x-ray diffraction; the lattice parameters
were found to be a = 853.7 pm and ¢ = 831.1 pm. For
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magnetization measurements, the deuteride was ground into
fine powder and sieved to 40 um. Two distinct kinds of aligned
powder samples were produced. For easy-axis magnetization
measurements (samples labeled a), the powder mixed with
epoxy glue was placed in a static magnetic field of 1.4 T and
allowed to harden. Subsequently, magnetization was measured
in the direction of the aligning field. To produce samples for
hard-axis magnetization measurements (labeled c), the powder
mixed with epoxy was rotated while it was hardening, the
axis of rotation being perpendicular to the aligning field. The
field during the subsequent magnetization measurements was
applied along the rotation axis.

Magnetization measurements in steady magnetic fields up
to 14 T were performed in a commercial magnetometer (Quan-
tum Design PPMS-14) at temperatures between 2 and 300 K.
Most measurements in pulsed fields (up to 60 T) were carried
out at the High-Field Laboratory in Dresden-Rossendorf. A
separate 1.44-MJ capacitor module was used, which produced
field pulses with a 7 ms rise time and a 25 ms total duration. A
detailed description of the high-field installation can be found
in Ref. 46; the pulsed-field magnetometer was described in
Ref. 43. One measurement was performed in a 74-T pulse
using the high-field facility at ISSP in Kashiwa (University
of Tokyo). A 20-kV capacitor bank with a total energy of
0.5 MJ produced a 4-ms-long pulse. The magnet had a
15-mm-wide inner bore with a quartz-glass cryostat inside.
Two pick-up coils connected in series were used for signal
detection. All pulsed-field data were calibrated against the
magnetization measured in steady fields. All magnetization
data were corrected for demagnetization.

III. EXPERIMENTAL RESULTS

A. Magnetization in steady magnetic fields

Figure 2 presents magnetization curves of TmyFe7 taken
along the principal crystallographic directions at 7 = 2 K.
One can appreciate that the sixfold symmetry axis (c¢) is

30 T T T T T T

M (ug/f.u.)

04 A 1 . 1 A 1
0 4 8 12

KoM, (T)

FIG. 2. Magnetization curves of a single crystal of Tm,Fe;; at
T =2 K in steady magnetic fields.
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M (ug/f.u.)

FIG. 3. Magnetization curves of a Tm,Fe;; single crystal in
steady magnetic fields applied along the b and ¢ axes at temperatures
between 2 K and 120 K.

the easy magnetization direction. The two basal-plane curves
(a, b) feature a first-order spin-reorientation transition. [Such
phase transitions are often called, rather inaptly, first-order
magnetization processes (FOMP).] Both curves are practically
identical, apart from a small difference in the critical field of
the first-order transition (3.5 T with H|la vs 4 T with H||b),
reflecting a weak anisotropy within the basal plane. For that
reason, for temperatures other than 2 K, the curves with H||a
are not shown.

Figure 3 shows temperature evolution of the magnetization
curves of TmyFey7 in the b and ¢ directions. One observes
that between 2 K and 80 K, the easy magnetization direction is
along the c axis, the easy-axis anisotropy weakening gradually
as temperature increases. At 7 = 120 K, the easy direction is
already along the b axis, which confirms the spin reorientation
reported previously.>*0373%4147 One can see in Fig. 4 that
the easy-plane anisotropy persists up to room temperature (or
rather, to the Curie point, 7¢c = 295 K). The corresponding
anisotropy field first increases to a maximum value of just over
1 T (reached somewhere between 120 K and 160 K) and then
decreases toward the Curie temperature. Magnetization curves
at temperatures between 60 K and 120 K (Fig. 5) indicate
that there exists a temperature interval where the spontaneous
magnetization has nonzero projections on both axes b and c.
This can be seen especially clearly in the c-axis curves at T =
80-100 K.

The spontaneous magnetization of Tm,Fe;; is plotted
against temperature in Fig. 6 (solid line). The shape of the
curve is characteristic of a ferrimagnet without a compensation
point, i.e., such that Mg, > My, in the entire temperature range
up to the Curie point. Projections of M on the axes b and
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FIG. 4. The same as Fig. 3 but for 160 K < 7 < 300 K.

¢ (circles in Fig. 6) were determined from the magnetization
isotherms presented as Arrott’s plots. The interval of easy-cone
anisotropy was found to extend from 75 K to 105 K. Within
this interval, the angle 6 between M and the c axis increases
continuously from 0 to 77 /2, as shown in the inset. The interval
is delimited by two second-order phase transitions: axis—cone

M (ug/f.u.)

0.0 0.4 0.8 1.2 1.6
oH, (T)

FIG. 5. The same as Fig. 3 but for temperatures around the spin
reorientation.
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FIG. 6. Temperature dependence of the spontaneous magnetic
moment Mg of Tm,Fe; and of its projections on the b and ¢ axes.
The inset shows temperature dependence of the angle 6 between M
and the ¢ axis.

at Tsr; =75 Kand cone—plane at Tsr, = 105 K. The transition
points are in good agreement with Ref. 37.

Figure 7 presents magnetization curves of the deuteride
Tm,Fe7D3, taken on oriented powder samples at several
fixed temperatures between 2 K and 300 K. One can observe
that the anisotropy is of the easy-plane type across the entire

30

AAAAAA

e ain
R e o OC
H -.‘.{.‘...—. 0. 0, 0

M (uglf.u.)

\
\
|
I

0 TR U I

0 100 200 300 400 T (K)

0 . . L . L
0 4 8 12

koH; (T)

FIG. 7. Magnetization curves of Tm,Fe ;D3 , in steady magnetic
fields. Open (closed) symbols: powder aligned so that H||c (HLc).
Inset: temperature dependence of spontaneous magnetization.
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investigated temperature interval. That s, in the sample aligned
in a fixed magnetic field (sample a, closed symbols), the
direction of the aligning field is the easy magnetization direc-
tion at all temperatures. From earlier Mossbauer spectroscopy
experiments,*® this direction is known to lie in the basal plane.
At the same temperatures, in the sample aligned under rotation
(sample ¢, open symbols), the rotation axis is magnetically
hard, as consistent with its being the sixfold axis c¢. The
easy-plane anisotropy can be seen to increase monotonically
as temperature lowers, i.e., the spin reorientation is not just
absent in Tm,Fe ;D35 (which was known before®), there
is not even a trend toward a reorientation. The anisotropy
field at room temperature is ~1 T, which is sufficient for
reliable magnetic alignment of the powder. At T = 2 K, the
anisotropy field is about 12 T. These values should be regarded
as rather approximate, because of the imperfect alignment,
as manifest in the presence of a small (a few up/f.u.)
temperature-independent projection of the magnetization on
the hard direction c. The inset of Fig. 7 displays temperature
dependence of the spontaneous magnetization of Tm,Fe ;D3 5.
The shape of the M(T) curve is similar to that of the parent
compound TmyFe,7, cf. Fig. 6. The value at T =2 K is slightly
higher in TmyFe ;D35 (M = 23 pp/fu.) than in TmyFe;
(M; = 22 pug/fu.), and, of course, the former has a much
higher Curie point (T¢ = 465 K) than the latter (7 = 295 K).

B. Magnetization in pulsed magnetic fields

Figure 8 displays low-temperature (1.5 K) magnetization
curves of TmyFe;7 in the principal crystallographic directions.
The c-axis curve has two steplike anomalies around 41 T and
54 T. Both of them resemble the transition in Tm,Co7 (see
Ref. 44) in having wide tails below and above the steepest part.
However, in Tm,Co;7 there is only one step, and it is higher,
~4 prm = 28 wp/fau. That is, TmyCo;; proceeds from the
ferrimagnetic state (where M = My = Mg, — 2j41y,) directly
to the forced ferromagnetic one, with M = Mg, + 2 . As
against that, in TmyFe7, even after the second transition, the

’3’ T=15K
/

0 s | s | ' | L | L | s
0 10 20 30 40 50 60

oH (T)

FIG. 8. Magnetization curves in pulsed magnetic fields applied
along the principal axes of a Tm,Fe,; single crystal.
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M (ug/f.u.)

FIG. 9. Temperature evolution of magnetization curves of
Tm,Fey; in pulsed magnetic fields applied along the ¢ axis.

magnetization is far from the ferromagnetic state (expected
to have My + 4 prm = 50 up/fu.). Apart from the already
mentioned FOMP, the basal-plane curves are rather featureless.
They cross the c-axis curve at about 7 T, running above it in
the interval from 7 T to 55 T. At fields higher than 55 T, all
three curves run close together.

Figure 9 illustrates temperature evolution of the mag-
netization curves of TmyFe 7 along the ¢ axis. Figure 10
presents similar data for H|b. The curves for Hl|a are
not shown because they are practically identical with those
for H|\b, cf. Fig. 8. The curves in Figs. 9 and 10 are,
strictly speaking, no isotherms—because of a presumably
significant magnetocaloric effect. The values indicated in the
figures should be understood as initial temperatures, recorded
immediately before the field pulse. One observes the following

M (pg/f.u.)

roH (T)

FIG. 10. Temperature evolution of magnetization curves of
Tm;Fe,; in pulsed magnetic fields applied along the b axis.
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50 T T T T T T T T T T T

Tm,Fe,;D,, /7
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aligned powder 7

M (pg/f.u.)

T =15K
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0 10 20 30 40 50 60
roH (T)

FIG. 11. Magnetization curves of two differently aligned powder
samples of Tm,Fe ;D3 ,. Dashed line: sample a; solid line: sample c.

trend: the higher the initial temperature, the more smeared
out are the curves, and the less pronounced is the difference
between the ones with H||b and H ||c.

In Fig. 11, one finds magnetization curves measured on the
two aligned powder samples of Tm,Fe7;D3, at T = 1.5 K.
The dashed curve (sample a) resembles that of an isotropic
ferrimagnet,**#° with a characteristic change of slope at about
38 T. Sharp corners are rounded off, which can be attributed
to imperfect alignment of the powder. It will be recalled that
the sample a was prepared in such a way that the easy axes of
its constituent particles were aligned with the magnetic field.
Consequently, for all of them, HLlc. As the spin structure
becomes noncollinear above 38 T, the sublattice moments turn
in the basal plane, practically unaffected by the anisotropy.
In regard to sample c, aligned so as to ensure that H||c, its

| E———
44 - e
Tm2Fe17D3.2

aligned powder _

40 -

M (ugff.u.)

FIG. 12. Temperature evolution of the magnetization curve of
Tm,Fe ;D3 (sample a).
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44 -
TmZFe17D3.2

40 | aligned powder 7,5

Hll ¢ 7.7

M (ug/f.u.)

FIG. 13. Temperature evolution of the magnetization curve of
Tm,Fe ;D3 (sample c¢).

magnetization curve is to a certain extent reminiscent of the
c-axis curve for the parent compound Tm,Fe;; (cf. Fig. 8).
At least, one can discern two vague 7-up high steps centered
around 43 T and 53 T.

Temperature evolution of the magnetization curves of
Tm,Fe7D3, is presented in Figs. 12 (sample a) and 13
(sample c¢). As temperature rises, one observes gradual
broadening and disappearance of the features visible at low
temperatures as well as a decrease and disappearance of the
difference between the curves measured on both samples.

IV. THEORY

Let us consider the 4 f!2 shell of a Tm atom in a hexagonal
crystal field of symmetry D3, (as relevant to TmyFe7) and an
effective magnetic field directed along the sixfold symmetry
axis ¢ (z). For simplicity, let us limit ourselves to T = 0. The
Hamiltonian is presented is follows:

H= BZOOS + B400£ + B6()02 + 36602 + %MBHeffJZ.
Y]

Here H is the effective field consisting of an applied and
a molecular field, Hyf = H — AMg.. The latter originates
from the ordered iron sublattice and is antiparallel to the
dominant sublattice moment Mg, so that at H = 0 the system
is a ferrimagnet. The factors B, in Eq. (1) are crystal field
parameters, and O™ are Stevens’ operator equivalents.”*"

Let us start with a special case of Bgs = 0. The Hamiltonian
(1) is then diagonal in the |J M) representation. Hereinafter
we shall omit the quantum number J (=6), indicating just
the values of M. The main postulate of our model is that the
crystal field on Tm is such that |0) is the ground state if Heg =
0. Further on, there are two excited states, |+6), situated at

AO + 7[1,3 Heff (2)

PHYSICAL REVIEW B 88, 174406 (2013)

FIG. 14. Thulium energy levels split by an effective magnetic
field, H || ¢, assuming Bgg = 0.

above the ground state, where Ay is the crystal field gap,
Ao = 108 Byg + 900B4g + 468720 Bgp. 3)

The positions of the remaining states | M) are irrelevant to
the model as long as none of them can become ground state.

It is clear from Fig. 14 and Eq. (2) that |—6) will take over
from |0) as the ground state if Heg exceeds Ag/7 wp. When it
happens, the magnetic moment of Tm will undergo an abrupt
change from zero to 7 upg. Likewise, if Her < —Ao/7 s,
|6) will become ground state, with put, = —7up. Eventually,
as the applied field H grows, the system will experience two
jumps of magnetization, each 7-u 5 high, the threshold fields
being AMg. = Ao/7 up, as in Fig. 15(a).

Let it now be Bgg # 0. According to our model, the ground
state belongs to a block of three states, |£6), |0), which are now
allowed to mix. The corresponding part of the Hamiltonian
matrix has the following form:

Ao + Tp Hegr 0 A
0 Ao —TupHer D¢ |, (€]
Ag As 0

with Ag = 720+/231 Bgg. It is convenient to introduce dimen-
sionless variables,

A /77, Y Y
Ao Ao A
The secular equation is given by
e =2+ (1 —h*>=28%)e +282 =0. (6)
The lowest solution is as follows:
f=c /3601
3 3
X COS |:2—7T + larccos on* — 98 —1 i| 7
3 3 (Bh2 4682 +1)32 |
Hence one can find the magnetization curve, m(h) = — de/dh.

Since Eq. (7) is rather cumbersome, it is more convenient to
differentiate the secular equation (6), whence

—2he
362 —4e+1—h2—282"
This expression is to be used in conjunction with Eq. (7).
The m vs h curve is symmetric with respect to the origin.

Accordingly, the M vs H curve is symmetric with respect to
the point (A Mg, MF.), see Fig. 15. Both pairs of variables are

®)

m =

174406-6
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FIG. 15. (Color online) Magnetization curves of a model Tm-Fe
ferrimagnet (H||c, T = 0) for three representative values of parameter
8, defined by Eq. (5).

connected through an obvious linear transformation,
Ay
H :)\.Mpe-i-—h, M:Mpe+7/1,3m, (9)
T

which preserves the shape of the magnetization curve. The
shape depends on a single dimensionless parameter § (or
rather, on §2). In this aspect, two particular cases should be
distinguished.

(1) 8 is small, 8% < 1 + %\/g : M(H) has three inflection
points, as in Fig. 15(b). The remagnetization of Tm proceeds in
two steps of equal widths and heights (first, demagnetization
and then magnetization in the opposite sense). Between the
steps, at H ~ AMg., the magnetization growth slows down.
The double-step character of the curve is not apparent except
for 82 « 1. In that limit, the two steps are centered about
AMrpe £ Ag/7 up and are ~4|Ag|/7 np wide.

(2) 4 is large, 2 >1+ %\/5 In this case, the growth of
M (H) proceeds in one stage. The curve has a single inflection
point at (AMg., Mg.). In the limit of very large 8, 8% > 1,
the rising part of the curve is about 2«/§|A6|/7 up wide, as

PHYSICAL REVIEW B 88, 174406 (2013)

(a)

FIG. 16. (Color online) The same as Figure 15(b) but with two
Tm atoms on nonequivalent sites: (a) general case, four separate steps;
(b) two middle steps merged into one.

determined from the slope at the inflection point. In this limit,
the curve acquires a universal shape, since m becomes a unique
function of h/|8|,

h/18]

"= e 2

In order to finally adapt the model to TmyFe;7, we take
into account that there are two Tm atoms per formula unit,
those atoms occupying two nonequivalent lattice sites, b and
d.Regarding §, it appears to be small, § ~ 0.3, so that atoms on
both kinds of sites experience two-stage remagnetization. In
general, there should be as many as four magnetization steps,
each one of them 7 g /f.u. high, as in Fig. 16(a). However, if
Ay & A4, the distance between the two middle steps,
Ap + Ay

Tup '
is small, and they merge into a single step of double height,
14 pp/fu. Such a case is shown in Fig. 16(b), where §, =
84 = 0.3, A, = Ay = Ay, and the distance (11) equals |Ag|/2
wp. [For comparison, it was |A¢|/up in Fig. 16(a).] In our
view, Fig. 16(b) corresponds to the situation that takes place
in TmyFe;7.

10)

|Ap — Aal Mpe — an

V. DISCUSSION

In Sec. III we learned that the behavior of Tm,Fe;; is
most interesting and enigmatic at low temperature and in a
magnetic field directed parallel to the sixfold axis c. According
to the model of Sec. IV, the magnetization should increase in
quanta of 7 pp/fu., corresponding to the atomic moment
of Tm, pry. In general, the magnetization curve should
contain four such steps; however, in certain special cases, the
two steps in the middle can merge into one step of double
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height, i.e., 14 pupg/f.u., as shown in Fig. 16(b). It should be
emphasized that these steps are no first-order phase transitions
(nor are they phase transitions at all), the magnetization being a
continuous function of magnetic field. There is no hysteresis;
the narrow hysteresis seen in the steepest part of the curve
around 54 T is most likely an artifact (possibly associated
with the nonisothermal conditions during the field pulse).
Taking this explanation as a working hypothesis and adopting
Mg, = 36 pp/f.u. for the iron sublattice moment, one comes
to the following scenario of the magnetization process in
the ¢ direction. In weak fields the magnetization equals the
spontaneous magnetization, My = Mg, — 2t = 22 up/fu.
Then a first rapid increase of magnetization to 29 g /f.u. takes
place around 41 T. A further double step at about 54 T brings
the magnetization to 43 g /f.u., as observed in Fig. 8. If this
scenario was to continue, there should be a third and last step,
whereupon the system should reach the forced ferromagnetic
state with M = 50 /f.u.

This prediction necessitated a measurement of magnetiza-
tion along the ¢ axis up to a field substantially higher than 60 T,
which was not possible at the Dresden Laboratory. However,
such an opportunity arose at the Megagauss Laboratory
in Kashiwa (University of Tokyo). Figure 17 displays the
magnetization curve taken in Kashiwa in a field up to 74 T.
The Dresden data are shown as well. The sought anomaly is
clearly visible at about 66 T, even though its shape is somewhat
different from the predicted step. On the whole, the two curves
in Fig. 17 agree rather well; the slight differences can be
attributed to different experimental conditions, in particular,
to the shorter pulse in the Kashiwa setup.

The magnetization steps observed in Tm;Fe; enable us to
estimate some of the crystal field parameters and the molecular
field (A Mr.) separately for the two Tm sites. According to our
interpretation, as many as four steps take place (numbered in
order of ascending threshold field): No. 1 is at 41 T, Nos. 2
and 3 (merged together) are at 54 T, and No. 4 is at 66 T. The
molecular field on one of the Tm sites is given by the mean

50 T T T T T T T
Tm_Fe =~
2 17 /’//
T=15K
or Hile I
3
[T
"
=
S
30 -
pulse 60 T (Dresden)
=== pulse 74 T (Kashiwa)
20 1 . 1 L 1 . 1
40 50 60 70
moH (T)

FIG. 17. (Color online) Magnetization curves of Tm,Fe,; mea-
sured at two different high-field laboratories.
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value of the first and second threshold fields, that is, about 48 T.
The molecular field on the other Tm site equals the mean value
of the third and fourth threshold fields, i.e., 60 T. We note that
the first and fourth jumps are unequally high, the latter being
somewhat lower. This fact enables us to assign the lower field
steps (Nos. 1 and 2) as well as the thence deduced molecular
field (48 T) to the 24 sites, while the higher field steps (Nos. 3
and 4) and the higher molecular field (60 T) are ascribed to the
2b sites. According to neutron diffraction experiments,*’ the
2d sites are fully occupied by Tm, whereas the 2b sites only to
78%. Consequently, the magnetization steps originating from
the 2b sites should be a factor 0.78 lower. Finally, the mean
molecular field equals 54 T, in fair agreement with Pirogov’s
value, 58 T (Ref. 40).

The crystal field parameters Bgs can be found from the
widths of the steps. Thus, the magnetization rise at 41 T is
about 6 T wide, as determined from the slope of its steepest
part. According to the model developed in Sec. IV, this
width must equal 4/7 |Ag(d)| 1j', whence Ag(d) = 7 K
and Bes(d) = Ag(d)/720/231 = 6.4 x 10~* K. (Both Ag
and Bgg are positive because [120] is an easier direction than
[100].) Similarly, the feature at 66 T is ~ 8 T wide, whence
Bes(b) =8.6 x 1074 K. Itis advantageous to present Bgg as )y
(r) Ags, Where y; is the Stevens factor, y; = —5/891891,
and (r®) is the radial expectation value computed on the 4 f
wave functions of Tm, (r®) = 4.340 ag (Ref. 52). It then
follows that Ags(b) = —35 Kay® and Ags(d) = —26 Ka,°.
Unlike Bgg, Ags should be approximately the same for all
R,Fe;7, where R is a heavy rare earth. Previously it was found
for Ho,Fey7: Agg = —36 Kao_6 (Ref. 43). The agreement
is not unreasonable, given the approximate character of our
estimates and especially of those of Ref. 43. This confirms
our interpretation of the magnetization curve measured in the
[001] crystal direction in TmyFe;7.

The distance between the first and the second magnetization
steps, equal to 13 T, yields the quantity A for the Tm 2d site.
According to the model of Sec. IV, this distance must equal
2A0/7 g, whence Ay = 30 K. (By definition, Ag > 0.) For
the 2b sites, Ay should be slightly smaller, as follows from
the smaller distance (12 T) between the third and the fourth
magnetization jumps. The difference between the two Tm sites
in respect of A is insignificant and will be neglected in the
rough estimations that follow.

The knowledge of A enables us to gain information about
the other sixth-order crystal field parameter, Bg. First of all,
we note that the term in By in Eq. (3) can be neglected because
of the relatively small prefactor. (A simple way to see it is by
looking at the products of the coefficients in Eq. (3) and the
corresponding Stevens’ factors; one obtains for the three terms
1.1,0.15,and —2.6.) The information available on B, is rather
inaccurate, yet, there is a consensus that Byy < 0 (Ref. 40).
Therefore, Eq. (3) is dominated by the term in Bgy, which
is bound to be positive. In order to evaluate Bgj, we need a
rough estimate of Byy. The By values of Ref. 40 cannot be
trusted because they were obtained on assumption that By =
Bgo = 0. We prefer to evaluate B,y from the value of A,y for
ErFei7, Ayg = —24.6 Ka,, 2 obtained by careful analysis of
a large amount of data taken on single crystals.> Hence we
find BZO =0y <7'2> A20 = —0.17 K. [For Tm, oy = 1/99
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and (r?) = 0.6804 a} (Ref. 52).] Setting Byy = —0.17 K
and Ap = 30 K into Eq. (3) and neglecting the term in Byg
therein, we obtain Bgy ~ 1 x 10~* K. The latter is just a rough
estimate. Yet, the result is stable with respect to variations of
the inaccurately known Byg. So, if one takes By = —0.5 K,
which is three times the old value, the estimated Bgy will
increase less than twice. Further, we find Agy = Bgo/ vy (r®) ~
—4 K aa6, which should hold approximately for all R,Fe;;
with heavy rare earths. Previously, even the sign of Agy was
not known with any degree of certainty, see Table I of Ref. 53.
Now we are in a position to say that Ag is a negative single
digit number (in the units of Ka, 6.

Ithas to be remarked that that Pirogov et al.™ assumed equal
molecular fields for both Tm sites, as well as setting Byy =
Bgo = 0. This resulted in rather disparate B,y values: Bé’o =
—1.2 K and Bgo = —0.3 K. The reader will easily appreciate
that with these parameters Eq. (19) of Ref. 40 predicts that
the more intense peaks from the 2d sites should be at lower
energies than the less intense ones from the 2b sites. This
contradicts Pirogov’s own data. Despite all the discrepancies,
an important result of Ref. 40 [as well as of an earlier work of
Gubbens et al. (Ref. 47)] is that the two Tm sites in Tm,Fe;
are essentially distinct. Our analysis in this work leads to the
same conclusion.

Turning finally to Tm,Fe;7D3 5, one can interpret the vague
steps in the c-axis curve in Fig. 11 on the basis of the same
model of Sec. IV. It can be reasonably assumed that the iron
sublattice moment is not much affected by the deuteration,
i.e., it holds for the deuterides that Mg, =~ 36 wp/f.u. The
magnetization of TmyFe7D3; seems to follow the scenario of
Fig. 16(a) with four separate steps, those seen in Fig. 11 being
the second and third ones. The fourth step is apparently outside
the range of available fields. Regarding the first, low-field
step, it cannot be seen against a sloping background near 30 T,
whose likely cause is imperfect alignment of the powder. If one
accepts this explanation, the ordinate of the midpoint of the two
visible steps (Nos. 2 and 3) should equal Mg, ~ 36 up/fu.,
which is true (see Fig. 11). The abscissa of that point, 49 T, is
then the mean molecular field on the two Tm sites. Comparing
it with the corresponding value for the parent compound, 54
T, one notes a 9% reduction of the molecular field as a result
of deuteration. Earlier inelastic neutron scattering experiments
on Gd,Fe 7D, (Ref. 54) found a reduction of 6% for x = 3 and
13% for x = 5. The agreement should be regarded as reason-
able, given that Gd,Fe7D, has a slightly different, rhombo-
hedral (Th,Zn,7-type) structure, with only one rare earth site.

i 40

VI. CONCLUSIONS

Magnetization of TmyFe 7 and Tm;Fe 7D3 » has been stud-
ied in steady and pulsed magnetic fields. The most interesting
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results for TmyFe 7 have been obtained at low temperatures,
where the easy magnetization direction is parallel to the
sixfold axis c¢. What attracts attention in the steady-field
data (up to 14 T) is the magnetization in the basal plane
(H Lc), featuring a field-induced first-order spin-reorientation
transition at ~4 T. At higher fields, it is the magnetization in
the easy direction ¢ that shows a nontrivial behavior. Namely,
as the field grows stronger, the magnetization increases in
broad but well-defined steps, whose height is associated with
the atomic moment of Tm, pty, = 7 up. The shape of the
magnetization curve is explained by a simple model, which
enables us to deduce the Fe-Tm molecular field and some
crystal field parameters—separately for two nonequivalent Tm
sites—from the positions of the steps and their widths. Thus,
we found that the molecular field is 48 T on the 2d site and
60 T on the 2b site. For the crystal field parameter Agg, We
obtained Ags(h) = —35 Ka, ® and Ags(d) = —26 Kay °. The
model also yielded an estimate for the other sixth-order crystal
field parameter, Ao ~ —4 Ka,, ® (averaged over the two sites).

A more complete analysis, taking into account the spin
reorientation transition at 7sg; and based on the linear the-
ory of magnetocrystalline anisotropy>—with due allowance
for noncollinearity of the sublattices—yields the following
values: Byg = —5.9 x 1072 K, By = —7.8 x 1073 K, Bgp =
9.3 x 107 K, or Ayg = —8.6 Ka; >, Ay = —41 Kay*, Ago =
—3.8 Kay 6, on average for both Tm sites.

Unlike Tm,Fe 7, the deuteride Tm;,Fe 7Dz, is an easy-
plane ferrimagnet. Yet, its low-temperature magnetization
curve in the ¢ direction appears to have 7-up high steps as
well. In the aligned powder data, only two out of the total
number of four expected steps are discernible. Still, this proves
sufficient for the determination of the mean molecular field on
Tm, 49 T, or 9% less than in the parent compound.
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