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Drastic reduction of the R-Fe exchange in interstitially modified (Nd, Ho),Fe4B compounds probed
by megagauss magnetic fields
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In this paper, the full magnetization process demonstrated by the series of ferrimagnetic intermetallic com-
pounds (Nd, Ho),Fe 4B and Ho,Fe ;4B and their hydrides with the maximum possible hydrogen content (for
the given crystal structure type) is studied theoretically and experimentally using megagauss magnetic fields.
We observe field-induced phase transitions from the initial ferrimagnetic to the forced-ferromagnetic state in
magnetic fields up to 130 T and describe the magnetization process analytically. We find a drastic decrease of the
critical transition fields in the hydrogenated compounds. This is due to extremely strong, nearly twofold reduction
of the R-Fe intersublattice exchange interaction because of the combined substitution and hydrogenation effects.
A comparative analysis of the magnetization behavior for the system Ho,Fe,;-H is also performed.
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I. INTRODUCTION

Improving performance of magnetic materials and extend-
ing their applicability toward influential technological areas
(e.g., space, robotics, etc.) is an important task fueled both by
fundamental and industrial interests [1-3]. To solve this prob-
lem, a combined effort of experiment and theory is required.
Microstructuring or nanostructuring of magnets together with
the addition of various alloying elements and/or light inter-
stitial atoms is known to enhance the functional magnetic
properties of the well-known rare earth (R) R,Fe 4B magnets
[4-16]. Modification of the best magnet based on Nd,Fe 4B
by doping is necessary for practical reasons [10,17-19].
For example, thermal stability can be improved by partially
substituting neodymium and iron by holmium and cobalt,
respectively. This allows us to obtain highly coercive ther-
mostable magnets operating in a wide temperature range.

Modern experimental methods employed in the studies
of materials pave the way forward to pursue the task of
improving the properties of materials. For instance, for the
R,Fe 4B compounds with heavy rare earths (ferrimagnets),
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field-induced ferromagnetism can often be observed only in
megagauss (>100 T) magnetic fields accessible at special
facilities [20-25]. The ferromagnetic state is usually reached
via a series of transitions (i.e., breaking of the antiparallel
arrangement of the R and Fe magnetic moments). The latter,
when analyzed theoretically, provide valuable and accurate in-
formation on the internal magnetic parameters of compounds
such as crystal electric field and exchange parameters. To
this end, analytical methods providing simple and physically
understandable description of the physical phenomena need to
be developed [26-33].

Despite numerous studies, available information on
the intrinsic magnetic properties of the multicomponent
intermetallic rare earth compounds of the R,Fe 4B type is
rather heterogeneous, while a systematic approach is very
important from both fundamental and practical points of view
[34,35]. We have previously reported [36] a comparative study
of the magnetization processes in the system (R, R'),Fe4B-H
(R = Nd, Ho, Er, and Tm) in high magnetic fields. In this
paper, we reveal preparation conditions for the hydrides with
the maximum possible hydrogen content x = 5.5at. H/f.u.
for the structure 2:14:1 type. We perform a detailed
magnetization study of Ho,Fe;4BH, and
(Ndg.sHog 5),Fe;4sBH, (x = 0 and 5.5) in magnetic fields up

©2021 American Physical Society
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FIG. 1. Crystal structure of the (left) R,Fe 4B (structure is shown schematically, is elongated along an axis twice for the convenience of

presentation) and (right) R,Fe,; compounds.

to 130 T. We report a comparative study of the magnetization
processes of the 2:14:1 and 2:17-type compounds (Ho,Fe;;
and its hydride) using both available literature data [23]
and experimental evidence collected in this paper. The
approach allows modeling of the magnetization process in
the multicomponent R;Fe 4B compounds depending on the
type of rare earth, 3d metals, light interstitial elements,
etc. Theoretical modeling together with experimental
data obtained using megagauss magnetic fields permits
understanding of the mechanisms of control and variation of
internal parameters of the multicomponent compounds on the
microscopic level to obtain outstanding of macroscopic
properties necessary for practical applications. Using
atomistic analytical calculations and megagauss fields, we
demonstrate that hydrogenation leads to an extremely strong
reduction of the R-Fe intersublattice exchange interaction
in the RyFe 4B type of compounds. This is a very attractive
tool which can also be applied to other classes of magnetic
materials such as, for example, R,Fe;; compounds.

Although the R,Fe 4B compounds have a tetragonal struc-
ture [37], but the RyFe 7 compounds (with heavy rare earths)
have a hexagonal structure (see Fig. 1), both classes are
capable of absorbing up to 5-5.5 at. H/f.u., which favor-
ably distinguishes them from such a class of compounds as
RFe | Ti with a tetragonal structure and an absorption capacity
of only 1-1.1 at. H/f.u [38].

Due to the large electronegativity difference between the
rare earth elements and hydrogen (as observed in many other
intermetallic compounds), the insertion of hydrogen is favored
in the neighborhood of the rare earth atoms. Hydrogen atoms
fill interstitial sites. For the two systems 2:14:1 and 2:17, the
filling schemes are slightly different. While in the 2:14:1,
pseudotetrahedral sites are filled, in the 2:17 system, first,
the octahedral voids are filled up to 3 at. H/f.u., and then
tetrahedral voids start to be filled simultaneously with the
octahedral ones up to 5 at. H/f.u. The exact filling schemes
can be found in Refs. [39—41]. Saturation of the individual
interstitial sites is different for various compounds depending
on the type of the rare earth (heavy or light), and the stability
of the site depends on its size. In connection with the above, a
comparative study of magnetization processes for the systems
R-Fe4B-H, (R, R'),Fe4B-H, and R,Fe;;-H is relevant and
important, especially from a fundamental point of view.

II. EXPERIMENTAL DETAILS

Ho,Fe 4B and (NdysHog 5),Fe 4B samples were prepared
in a tri-arc furnace on a copper water-cooled bottom under
a protective Ar atmosphere. Details of the sample prepa-
ration can be found in Refs. [30,35]. Hydrogenation was
performed by exposing alloys to high-purity hydrogen ob-
tained by decomposing LaNisHg. Before hydrogenation, the
sample crushed into submillimeter particles was activated by
heating up to 623 K with a heating rate of 0.033 K/s in a
dynamic vacuum, then cooled down to 573 K with a rate of
0.017 K/s and kept at this temperature for 12 h [Fig. 2(a)]. The
absolute value of pressure in the system before hydrogenation
was 0.6 mPa.

Hydrogenation was performed at 573 K under hydrogen
pressure of 8 MPa to obtain the maximum hydrogen concen-
tration [Fig. 2(b)]. Hydrogen content was estimated both by a
volumetric method (pressure drop in the reaction chamber af-
ter the reaction) and by decomposing part of the hydrogenated
sample in an evacuated closed system. The following hydrides
were obtained: Ho,Fe4BHs 5 and (NdgsHogs),Fe;4BHs 5.
According to Ref. [42], 5.5 hydrogen atoms per formula unit
is the maximum possible H content for this type of crystal
structure.

Details of synthesis of the parent compound Ho,Fe; and
its hydride Ho,Fe;7Hs 4 (note that the hydrogen content in
this case is lower that the possible maximum content of 5
at. H/f.u. for this structure type [25]) are similar to the other
2:17 compounds production and can be found in Ref. [43].
To test the stability of the hydrides, hydrogen content was
analyzed twice upon producing the sample and after a year,
during which the sample was stored under normal conditions
at room temperature. While R,Fe 4BHjs 5 hydrides were found
to be stable, R,Fe;7Hyx with the maximum hydrogen content
were not stable. According to Ref. [44], hydrogen concentra-

573K 8 MPa
72h

(@) o2 Kk (b)

93h

293K 293 K

FIG. 2. Schematic of (a) surface activation procedure and (b)
hydrogenation of the samples.
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FIG. 3. X-ray diffraction patterns of the (NdysHogs),Fe;4BHs s
and the parent (Ndy sHog 5),Fe 4B alloys at room temperature.

tion decreases from 5.5 to 3-3.4 atoms per formula unit after
a year of storage. To be on the safe side, we have chosen a
lower hydrogen concentration for the 2:17 compound in this
study. Indeed, the Ho,Fe 7H3 4 was stable.

The crystal structure of the samples was studied at room
temperature by means of x-ray powder diffraction using a
Bruker D8 Advance diffractometer (Cu K« radiation). The
crystal structure refinements were based on the Rietveld
method, using the program package FULLPROF suite.

Magnetization measurements were performed using high
nondestructive magnetic field pulses up to 58 T at the Dres-
den High Magnetic Field Laboratory [23,45] as well as in
megagauss semidestructive pulses up to 135 T at the Labo-
ratoire National des Champs Magnetiques Intenses [46,47].
The magnetization was measured using a compensated pair of
coils [23]. For the nondestructive pulses up to 58 T, the pulse
duration was 25 ms, and the rise time was 7 ms. In the case of
semidestructive experiments, the same magnetic field range
was reached in only 1.4 us corresponding to a 4000 times
faster field sweep rate of ~25 ns/T. Magnetization measure-
ments were carried out on free powders for most samples. The
particle size of powders did not exceed 50 um (we performed
a two-step grinding to reduce the grain size to 10-50 um
[36]). Experimental results of M(H) were normalized to the
static magnetization measurements up to 14 T, which were
obtained using a commercial PPMS 14 (Quantum Design,
USA) installation.

III. RESULTS AND DISCUSSION

The parent compounds Ho,Fe4B, (NdysHogs),Fe4B,
and their hydrides crystallize in the tetragonal crystal structure
of the Nd,Fe 4B type (P4,/mnm tetragonal space group, 68
atoms per unit cell). Iron atoms are in six different crystal-
lographic positions (4e, 4c, 8j1, 8;2, 16k1, 16k2), R atoms
in two (4f, 4g), B in one (4f; see Fig. 1). Experimentally
obtained diffraction spectra of the (NdgsHogs),Fe ;4B and
(NdgsHog 5),Fe14BHs 5 alloys are shown in Fig. 3.

Good agreement with the calculated P4, /mnm spectrum is
observed, which indicates a high content of the main phase in

TABLE 1. Structure parameters for Ho,Fe 4B,
(Nd0_5H00_5)2F€14B, H02F617 and their hydrides H02F614BH5_5
(Ndo.sHog 5).Fe14BHs 5, HoFey7Hs 4

Compounds a(mm) cmm) c/a Vmom’) AV/V,
Ho,Fe 4B 0.8752 1.1991 1.37 0918 -
Ho,Fe4BHs 5 0.8873 1.2150 1.37 0.956 4.1
(Ndy sHoy 5 ),Fe 4B 08776 12098 138 0932 -
(Nd0_5H00_5 )2F€14BH5_5 0.8906 1.2227 1.37 0.970 4.1
Ho,Fe; 0.8449 0.8312 098 0.513 -
Ho,Fe,7Hs 4 0.8531 0.8325 098 0522 18

the alloys. The calculated unit cell parameters are presented
in the Table I. The unit cell volume V of the hydrides with
the maximum amount of hydrogen exceeds the volume of the
parent compounds by ~4%.

Hydrogenation does not change the type of the crys-
tal lattice but leads to its anisotropic expansion. The unit
cell volume V, increases linearly with increasing hydrogen
concentration.

Figure 4 shows the magnetization of Ho,Fe 4B and its
hydride Ho,Fe;4BHss5 free powder samples measured at
5 K in magnetic fields up to 130 T. The inset in Fig. 2
shows for comparison the magnetization data for Ho,Fe;
(unclamped single-crystal sample, experimental data adapted
from Ref. [23]). Figure 5 shows M(H) curves for powder
sample Ho,Fe; and its hydride Ho,Fe;7;H;34. Both parent
Ho,Fe;4B and Ho,Fe;; compounds demonstrate a well-
pronounced kink on the M(H) curves (first critical field H.;)
at values close to 40 T (37 T for Ho,Fe4B and 42.5 T for
Ho,Fe;7; powder samples) corresponding to the beginning

M (nffu)

FIG. 4. Experimental magnetization curves of Ho,Fe 4B and its
hydrided powder sample Ho,Fe;4sBHss measured at 7 = 5K in
pulsed fields up to 130 T. By circles, data obtained in static fields
up to 14 T are shown. Inset: magnetization data for the Ho,Fe;
unclamped single-crystal sample (experimental data adapted from
Ref. [23]) in fields up to 60 T.
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FIG. 5. Experimental magnetization M(H) curves of Ho,Fe;
and its hydrogenated powder sample Ho,Fe|;H; 4 measured at T =
5K in pulsed fields up to 60 T. By circles, data obtained in static
fields up to 14 T are shown.

of a continuous rotation of magnetic moments of the Ho
and Fe sublattices, My, and Mp., respectively. The high-field
parts of the M(H) curve can be extrapolated to the origin
and to the maximum of magnetization of the ferromagnetic
state Mgerro = Mpe + 2My,, at which the magnetic moment
rotation is fully completed. The second critical fields Hc,
in Ho,Fe ;4B and Ho,Fe;; corresponding to the end of the
spin-reorientation transition to the ferromagnetic state differ
strongly for the compounds and amount to 158 T in Ho,Fe 4B
and 113.5 T in Ho,Fe ;. Hydrogenation of Ho,Fe 4B to the
composition Ho,Fe|4sBHs s results in a decrease of the crit-
ical fields H.; and H, to 30 and 119 T, respectively. At
the same time, hydrogenation of Ho,Fe 7 to the composition
Ho,Fe7H3 4 (see Fig. 5) results in a decrease of the critical
fields H,; and Hy to 37.5 and 105.5 T, respectively. This
phenomenon, observed for both Ho,Fe4BH, and Ho,Fe;H,
compounds, is undoubtedly directly related to the volume
boost by hydrogenation and, hence, to the increase of dis-
tances between magneto-active ions.

To analyze all experimental data, we applied the well-
proven analytical approach (described in detail in Ref. [42])
to the R,Fe4B-type intermetallic compounds. Recall that

TABLE II. Magnetic parameters (experimental and calculated
critical fields H.; and H,,, values of the iron moments M., and the
exchange parameter A) for Ho,Fe,;, Ho,Fe 4B, and their hydrides
H02F€]7H3.4 and H02F614BH545.

H, (T) He (T)
Compound exp./cal. exp./cal. My (up) MT/uuB)
Ho,Fe; [23] 40/40 110/138 36.3 2.45
Ho,Fe; 42.5/41 113.5/141 36.3 2.5
Ho,Fe7H; 4 37.5/36 105.5/124 36.3 2.2
Ho,Fe ;4B 37/35 158/158 31.4 3.07
Ho,Fe;4BH;s 5 30/31 119/119 34 2.2

equations for the critical fields H,; and H., have the form
[27,36,42]

Ha 2MH0

A (MFe - 21MH0) '
H, 2My,

A (MFe + ZMHO) '

Hy =2 (MFe - 2MH0) - (1)

Hy = A (Mg + 2MH0) +

where A is the Ho-Fe intersublattice exchange parameter,
2

H, = MLF‘ is the magnetic anisotropy field, K; is magnetic
anisotropy constant [5]. Here, the second term describing
the anisotropy has been added to make a more accurate
critical field estimation [36]. The values of the iron mo-
ments Mp. [5,48,49] and the exchange parameter A are given
in Table I. (Note that the magnetic moment of Ho’" ion
is 10 up.) Table I also shows experimental and evaluated
H. and H., values obtained for Ho,Fe 4B and its hydride
Ho,Fe4BHs 5, as well as for Ho,Fe 7 and Ho,Fe7H;3 4 for
comparison by analyzing high-field experimental data using
the formula in Eq. (1). The results of our estimations of both
critical fields listed in Table II agree well with the experi-
mental data for all Ho,Fe;4BH, compounds. The reason for
the different values for the evaluated and experimental data
H,, for HoyFe7H, consists in using magnetic fields only up
to 60 T.

Figure 6 shows the magnetization of (NdysHogs),Fe;4B
and its hydride powder sample (Ndy sHog 5),Fe;4BHs s mea-
sured at 5 K in semidestructive pulsed magnetic fields up
to 130 T. The inset in Fig. 6 demonstrates the experimental
difference between the M(H) curves obtained upon increasing
and decreasing fields (in semidestructive and nondestruc-
tive pulsed magnetic fields [27]) for (NdgsHogs),Fe4B.
The difference can be due to several reasons (temperature
change due to the magnetocaloric effect, state of the sample—
magnetized or demagnetized, etc.). We further show the
magnetization M(H) data for (NdysHogs),Fe4BHss mea-
sured at two different temperatures: 5 and 70 K (see Fig. 7).
In addition, the inset in Fig. 7 demonstrates the M(H) curves
for the (NdogsTmgs),Fe;4BHss compound since the com-
pounds containing Tm ion require lower external magnetic
fields for their complete magnetization. The temperature in-
crease to 70 K leads to a smoother behavior of the M(H)
curves, retaining the main features observed at low tem-
peratures for both compounds (NdysHogs),Fe4BHss and
(Ndg.sTmg.5)2Fe14BHs .
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FIG. 6. Experimental  magnetization M(H) curves of
(NdO‘SHOO‘S )2F€14B and its hydrlde (NdO.SHOOAS )2F614BH5‘5

powder samples measured at 5 K in semidestructive pulsed
magnetic fields. Inset: Experimental magnetization M(H) curves of
(NdgsHog5),Fe;4B in semidestructive and nondestructive pulsed
magnetic fields at 5 K.

We find that, for (NdysHogs),Fe;4B and its hydride
(NdgsHog 5),Fe14BHs 5 in the ferrimagnetic state, the mag-
netization is close to saturation in magnetic fields 20-40
T (see Figs. 6 and 7). Further increase of magnetic field
above the first critical field value H,; [slightly different for
(NdgsHog 5),Fe;4sBH, with x = 0 and 5.5 at. H/f.u. and ex-
ceeding 40 T] forces the magnetic moments to turn so that we
observe a change of slope. The exact experimental values H,,
found as the intersection of the saturation magnetic moment in
the ferrimagnetic state with linear extrapolations of the M(H)

Hc1 Hc2
50 |
1 (Ndo.sHou.s)zFe14BHs.5
40+ :
E| 5K
< —70K
230
=
20 4
101
0 . T

80
nH (T)

FIG. 7. Experimental magnetization M(H) curves of the
(NdosHogs),FesBHss powder sample measured at 5 and
70 K. Inset: Experimental magnetization M(H) curves of the
(Ndo.sTmg s),Fe 4BHs s powder sample measured at 4.2 and 70 K.

TABLE III. Magnetic parameters (experimental and calculated
critical fields H.; and H.,, values of the iron moments M., and
the exchange parameter A) for (NdysHogs),Fe;4B and its hydride
(Ndo.sHog 5)2Fe 4BHs 5.

He (T)  He (T)
Compound exp./cal. exp./cal. Mg (ug) A(T/up)
(Nd()AsHO()j )2F€14B 64/68 124/124 31.4 3.17
(NdO‘SHOO'j )2F€14BH5'5 54/55 97/95 34 2.2

curve to zero (see Figs. 6 and 7) are given in Table III for
substituted compounds. To determine the critical field H,,,
we extrapolated the linear part of our experimental data M(H)
to the ferromagnetic saturation (see Figs. 6 and 7) calculated
as M = Mg, + Mnq + Mg for (Ndg5Rg 5)Fe 4B (where R =
Ho or Tm). The experimental values H,, are also given in
Table II1.

When half of Ho is replaced by Nd atoms, the satura-
tion magnetization of the (NdysHog s),Fe;4B compound and
its hydride (NdgsHogs),Fe14BHs s in the ferrimagnetic state
increases due to the parallel orientation of the magnetic mo-
ments of Nd and Fe sublattices. On the contrary, the saturation
magnetization in the ferromagnetic state decreases due to a
smaller magnetic moment of Nd** than Ho*>* (3 and 10 ug,
respectively). It should also be noted that the magnetization
in the ferrimagnetic phase of the hydrogen-doped compound
is higher than that of the hydrogen-free sample. This is due
to the increased magnetic moment of the iron sublattice after
hydrogenation as the result of the unit cell volume expansion
[5] (see Tables II and III).

For the (NdysHogs),Fei4sBH, (x =0 and 5.5 at. H/f.u.)
compounds with two different rare earth ions, the critical
fields H.; and H,, are equal to [36]

2]‘/[Hol'la‘i:]2
(Mpe — 2Mpo&y)

2MoH,E3
(Mpe + 2Muo&)

Hei = Apo(Mpe — 2Muoé1) — 2

HCZ = )\'HO(MFC + 2MH0%_2) +

1
&Hy) = ———————
e I + Anaxna(Hei)
Hi)=—; i=1,2,
xna(He) Moo + He

where Ang and xng are the exchange parameter and sus-
ceptibility of the Nd sublattice, respectively. According to
our estimations, & ~ 0.9 [42]. The formulae in Eq. (2) with
anisotropic correction are universal and could be used for var-
ious types of compounds containing rare earth elements. Cal-
culated H.; and H., values obtained for (NdosHog 5),Fe 4B
and (NdgsHogs),Fe;4BHss by analyzing high-field experi-
mental data using the formula in Eq. (2) and the values of
the iron moments and the exchange parameter A are given in
Table III. Despite the fact that the anisotropy values for pow-
der samples are not exactly known, we observe a very good
agreement between the experimental and calculated values of
critical fields H.; and H., (see Table III). The accuracy of
analytical determination of the values of both critical fields
reaches several Tesla. Nevertheless, they provide important
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information on the magnitude of magnetic fields required to
reach the ferromagnetic state and allow us to plan high-field
magnetization experiments for studying similar compounds.

An extremely important result of our research is the obser-
vation of a drastic influence of hydrogenation on the critical
fields regardless of the rare earth element. For Ho,Fe4sBH,
and (Ndy sHog 5),Fe4BH, compounds (for x from 0 to 5.5),
H.| and H,; decrease by ~16—-19% and 22-25%, respectively.
This is due to the weakening of the intersublattice exchange
interactions by ~30% (see the X values in Tables II and IIT) by
doping the compounds with the maximum possible amount
of hydrogen. At the same time, our calculations show that
the difference in the parameter A for the binary compound
Ho,Fej7 and ternary compound Ho,Fe 4B is ~20%, which
is fully consistent with literature [50-53] and confirms the
correctness of our approach when analyzing experimental data
obtained using megagauss magnetic fields.

Summarizing the data obtained, we also plot the re-
duced exchange parameters (shown along the y axis in
Fig. 8) A for RyFe;7H, (R = Ho, Tm [54]), R,Fe4BH,, and
(Nd, R);Fe4BH,. (R = Ho, Er [36], and Tm [36]) as a func-
tion of the relative volume change AV/V (see Fig. 8).

While the A(x)/A(0) vs AV/V dependence is linear for the
RyFe 7-H system, this is not the case for RyFe;4B-H. At the

end of the series of rare earth ions (moving from holmium to
thulium), a noticeable decrease in the value of the exchange
parameter occurs. Lanthanide contraction and magnetoelas-
tic effects affect the intersublattice exchange interactions to
a much larger extent for the R,Fe;4B-H system than the
R,Fe 7-H due to the higher percentage ratio of R/Fe.

IV. SUMMARY

To summarize, in this paper, we simultaneously involved
three powerful tools for tuning the magnetic properties of the
R,Fe4B-type compounds. Targeted modification of the ferri-
magnetic intermetallics by substitutional and interstitial atoms
led to an increase in the magnetization of the compounds.
The use of megagauss magnetic fields made it possible to
observe the full magnetization process in materials, which
is especially important for fundamental research. We deter-
mined values of both critical fields and estimated parameter
A of the intersublattice R-Fe exchange interaction for all
studied R,Fe 4B-type compounds, including compositions of
practical importance. We showed that hydrogen influences
dramatically the strength of the R-Fe exchange interaction
(it is decreasing by 30%) and thus can be used as a con-
trol tool over magnetic properties. The reduced values of
critical fields of the transitions H; and H, after hydrogena-
tion allowed us to observe the forced-ferromagnetic state for
(Ndo 5R05)2Fe14BH, compositions with the maximum possi-
ble hydrogen content (x = 5.5 at. H/f.u.) in much lower fields
than the hydrogen-free materials.
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