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Abstract. A systematic study of the structural and intrinsic magnetic properties of the hydrides
R3Feg (CriH, (R =Y, Ce, Nd, Sm, Gd, Th, and Dy) has been performed. Hydrogenation
leads to a relative volume expansion of the unit cell and a decrease in x-ray density for each
compound. Anisotropic expansions mainly along #heand b-axes rather than along tleaxis

for all of the compounds upon hydrogenation are observed. The lattice constants and the unit-cell
volume of RFexg, Cr, and RFeg . CrH, decrease with increasing R atomic number from Nd

to Dy, except for Ce, reflecting the lanthanide contraction. Hydrogenation results in an increase
in the Curie temperature and a corresponding increase in the saturation magnetization at room
temperature for each compound. After hydrogenation a decreas8®bf.Q/Fe in the average

Fe atomic magnetic moment and a slight increase in the anisotropy fieldsfeg>Cry g are
achieved at 4.2 K. First-order magnetization processes (FOMP) occur in magnetic fields of
around 1.5 T and 4.0 T at 4.2 K for NBe45CrssHso and ThyFe7oCraoH2g, and around

1.4 T at room temperature for GiEe;g0Cr1.0Ha2. The abnormal crystallographic and magnetic
properties of CgFers0Crao and CeFers oCraoHs 4 suggest that the Ce ion is non-triply ionized.

1. Introduction

A new class of rare-earth—iron (R—Fe) compounds stabilized by a third elementréns-
ition metal), located at the iron-rich corner in the R-Fe-T phase diagrams, have been
synthesized [1, 2]. This class was recognized as having th¢FRdTipg stoichiometry
with monoclinic symmetry [3] and thé2/m space group [4] by x-ray powder diffraction
(XRD), and then this was confirmed by neutron powder diffraction [5, 6]. Subsequent work
on its interstitial nitrides and carbides indicated that the;&m, TikoN, [7-9] compounds
can be regarded as new candidates for hard-magnet application, which further aroused
interest in intensive investigations of the structural and magnetic properties(l6é Rl bg
compounds.

Many members in this series okffe, Thg compounds, such as;fe, Tikpg (R = Ce,
Pr, Nd, Sm, [10-12] Gd [13, 14], Tb [15], and Y [16, 17])3(Re, V)e (R = Sm [18-20],
Y, Nd, Gd [18, 20], Ce, Tbh, and Dy [20-22]),sfFe, Cr} (R = Ce, Nd, [10, 20, 23],
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Sm [10, 19, 20, 24], Gd, Tb, Dy, and Y [20, 25]), N&e, Mn)g [26], and R(Fe, Mo)g

(R = Ce, Nd, Sm, Gd, Th, Dy, and Y) [27], have been formed with a good single-phase
quality. The crystallographic structure, the intrinsic magnetic properties, the neutron powder
diffraction, the®’Fe Mossbauer spectra, and the hyperfine fields of these compounds have
been studied in detail by the authors and by other researchers [4, 5, 6, 28].

Simultaneously, in order to develop new hard magnets, many experimental studies on
their interstitial nitrides and carbides have been reported. The nitridegF8mThoN,
(T=Ti[7,8,29], V[19, 30], Cr[19, 24, 31, 32], and Mo [27]) and the carbides;&®,

T)20C, (T =Ti [9, 29] and Cr [33]) were considered as potential candidates for permanent-
magnet applications.

Up to now, little investigation has been carried out on their interstitial hydrides. Only
studies of Nd(Fe, TipoH, [11] and Sm(Fe, ThoH, (T = Ti, V, and Cr) [19] have been
reported. It is well known that metal hydrides are interesting candidates for applications
in the areas of thermal storage media, heat pumps, and cooling systems [34]. In order
to understand this novel class of R—-Fe compounds and to develop new metal hydride
materials, further study on the structure and magnetic properties of the hydrides of these
3:29 compounds is necessary.

In this work, experimental information on the syntheses, lattice parameters, and intrinsic
magnetic properties of hydrides formed by the absorption of hydrogen gas in the compounds
RsFeg CrH, (R=Y, Ce, Nd, Sm, Gd, Th, and Dy) has been obtained.

2. Experimental methods

Ingots with composition ey ,Cr, (R = Y, Ce, Nd, Sm, Gd, Th, and Dy) were
prepared by argon arc melting the constituent elements, with purities of at least 99.9%.
The starting composition contained 5-10% excess of rare-earth elements compared with
the stoichiometric composition sRe,e ,Cr,, to compensate for the loss of the rare earth
during melting and annealing. Then the ingots were sealed in quartz tubes filled with an
argon atmosphere and annealed at 1183-1323 K for a period of from one day to five days
in order to maximize the amount of;Re,g_, Cr, phase; this was followed by quenching in
water. The 3:29 single-phase character of the ingots was examined by both x-ray diffraction
(XRD) with Cu K« radiation and thermomagnetic analysis (TMA).

To prepare the hydrides, the single-phase 3:29 ingots were pulverized into fine powders
with an average size of 100-10@Q0n. Hydrogenation was performed by heating the fine
particles in hydrogen at 5 atm and at 573 K foeRCe, Nd, Sm, Gd, and Tb or at 673 K for
R =Y and Dy for a period of 2—4 hours in a high-pressure container. The XRD patterns and
TMA showed that all of the hydrides ofaReg_,Cr, crystallized in the Ng(Fe, Tiko-type
structure, except a small amount®fFe in some samples. The hydrogen concentration in
each hydride gFey;_,Cr.H, was deduced from the difference between the pressure before
hydrogenation and that after according to the gas-state equBfiba- nRT at a constant
temperature.

TMA was performed in a low field of 0.04 T with a vibrating-sample magnetometer
(VSM) from room temperature (RT) to above the Curie temperature. XRD with €u K
radiation was used to determine the lattice parameters. In order to obtain the saturation
magnetization and anisotropy field at 4.2 K and RT for the magnetically aligned samples of
RsFeyq CrH,, the VSM was used to measure the magnetic isotherms at 4.2 K, and the
pulsed magnetic fields (PMF) up to 12 T, together with the singular-point detection (SPD)
technique [35], were utilized to obtain the magnetic isotherms and the SPD signal plots
(dM?/dt? versusH) at RT. According to the SPD theory [35], a singularity in the second
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Figure 1. XRD patterns with Cu l& radiation for RFex_Cr,H, (R = Ce (a), Sm (b), Tb (c),
and Dy (d)).
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derivative of the magnetizatiod with respect to the magnetic field can be observed

at the anisotropy fieldd,. Similarly, this method can also be used to detect a first-order
magnetization process (FOMP). The preparation and measuring procedure for magnetically
aligned samples was described in our previous studies [20, 25].

3. Results and discussion

3.1. Crystallographic properties

Figure 1 shows XRD patterns obtained with Cu Kadiation for RFeg_,Cr,H, (R = Ce,

Sm, Tb, and Dy). The patterns can be indexed well assuming th@BldTi)o-type structure

with monoclinic symmetry and tha2/m space group. As an example, the indi¢ksk, 1)

of CesFexs0CraoHs 4 are given in figure 1(a). The peak positions of the XRD for each
hydride are shifted to lower angles compared to those fgte)3_Cr, (R =Y, Ce, Nd,

Sm, Gd, Th, and Dy) [20] which demonstrates the increase of the lattice parameters after
hydrogenation.

Table 1 gives the crystallographic parameters, the unit-cell volume, and the density
derived on the basis of the analysis of XRD data for all of the hydrides investigated here,
together with their parent compounds. The crystallographic parameters were obtained by
fitting the XRD patterns with monoclinic symmetry and tA@/m space group. After
hydrogenation, the average relative volume expansion is about 2%, except for Ce, Tb,
and Dy for which the larger and smaller amounts of the absorbed interstitial H atoms
in their compounds resulted in larger and smaller expansions of their unit-cell volumes.
Hydrogenation leads to a decrease in x-ray density for each compound owing to its relative
volume expansion.

Like for the parent compoundszReyg . Cr,, it can been seen that the lattice constants
and the unit-cell volume of fFeyq ,Cr.H, decrease with increasing R atomic number

Table 1. The lattice parameters, b, ¢, B8, and the unit-cell volumé&/ = abcsing derived
on the basis of the analysis of x-ray data with the/m space group, and the x-ray density
derived from the lattice constants fosReg_.Cr, and RFey_Cr.H, (R=Y, Ce, Nd, Sm,
Gd, Th, and Dy) compounds.

RsFeo < Cr(Hy,)  a(m) b (nm) c(nm) B (deg) V (nm?) p (gcm)

Y3Fe72Crig 1.0570 0.8474 0.9653 96.98 0.8582 7.273
CesFexs50Crap 1.0527 0.8484 0.9668 96.67 0.8576 7.771
NdsFez45Cras 1.0615 0.8556 0.9714 96.90 0.8759 7.685
SmeFep40Crs0 1.0585 0.8521 0.9684 96.90 0.8671 7.857
GkFexsoCrio 1.0604 0.8515 0.9686 96.95 0.8682 7.985
ThaFexsoCrio 1.0585 0.8492 0.9675 96.92 0.8634 8.049
ThsFex70Cra0 1.0559 0.8494 0.9666 96.89 0.8607 8.059
DysFex7.4Cri6 1.0556 0.8475 0.9655 96.91 0.8574 8.138

Y3Fe72CrigHssg 1.0625 0.8528 0.9686 97.18 0.8708 7.183
CesFesoCraoHss  1.0640 0.8563 0.9731 96.87 0.8800 7.593
NdsFess5CrasHso  1.0714 0.8620 0.9770 97.07 0.8955 7.559
SmeFep40CrsoH42  1.0658 0.8582 0.9721 97.11 0.8823 7.730
GdsFegoCrioHs2  1.0664 0.8580 0.9724 97.17 0.8828 7.869
ThaFepsoCrioHs2  1.0647 0.8558 0.9712 97.20 0.8780 7.931
ThsFe70CrooH2g  1.0614  0.8537 0.9676 97.15 0.8700 7.984
DysFe74CrigH21  1.0593 0.8508 0.9666 97.07 0.8646 8.078
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Table 2. The expansions$a/a, 8b/b, andéc/c of the lattice parameters, and the expansion
8V /V of the unit-cell volumeV = abc sing derived on the basis of the analysis of x-ray data
with the A2/m space group, and the variatioBg/8 andsp/p of the angleg and the x-ray
density p derived from the lattice constants fogReg_.Cr,H, (R=, Ce, Nd, Sm, Gd, Tbh,
and Dy) hydrides compared with the values for their parent compounds.

RsFexs «CriHy  daja (%) 8b/b (%) Sc/c (%) 3B/B (%) SV/V (%) dp/p (%)

Y3Fe72CrigHsg  0.52 0.63 0.34 0.21 1.5 -1.2
CeaFexsoCraoHsg  1.07 0.93 0.65 0.21 2.6 -2.3
Nd3Fess5CrasHs0  0.93 0.75 0.58 0.18 2.2 -1.6
SmgFe40CrsoHs2  0.69 0.72 0.38 0.22 1.8 -1.6
GdzFegoCrioHa2 0.57 0.76 0.39 0.23 1.7 -1.4
ThsFesgoCrigoHs2 0.59 0.78 0.38 0.29 1.7 -15
ThsFe70CroH2s  0.52 0.51 0.10 0.27 1.1 —0.93
DysFey74CrigH21  0.35 0.39 0.11 0.17 0.84 -0.74
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Figure 2. Thermomagnetic curves forsReg CriH, (R=Y, Ce, Nd, Sm, Gd, Tb, and Dy)
in a low field of 0.04 T.

from Nd to Dy, except for Ce, reflecting the lanthanide contraction. The decrease of the
unit-cell volume results in an increase in density with increasing R atomic number from
Nd to Dy, except for Ce. The lattice constants and unit-cell volume gF&g,Cr4o and
Ce&sFexsoCraoHs 4 are unusually smaller than those ofFeyg_,Cr, and RFeg_.Cr H,

(R = Nd and Sm). These abnormal properties maybe associated with the Ce ion being
non-triply ionized in each series ofsRe9_Cr, and RFeq_Cr,H, compounds. A larger
fraction of the interstitial hydrogen atoms in thesEesoCrsoHs 4 resulted in an expansion

of the lattice constant, which was slightly larger than that ofsRe_Cr.H, (R = Nd

and Sm).

Table 2 gives the expansions of the lattice parameters and the unit-cell volume, and
the variations of the anglg and the x-ray density upon hydrogenation for each hydride
compared with the value for its parent compound. It can be seen that the lattice expansions
are different along the-, b-, andc-axis for each hydride in this series of compounds. The
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Figure 3. Magnetic isotherms at 4.2 K forgRey_,Cr.H, (R=Y, Ce, Nd, Sm, Gd, Tb, and
Dy) measured with a VSM in an external field applied either parallel or perpendicular to the
alignment direction of the powder samples.

anisotropic expansions ofsReq_,Cr.H,, such as

for R =Y, Ce, Nd, Sm, Gd, Tb and Dy, indicate that the expansions occur mainly in
the basak-plane rather than along theaxis for all of the hydrides. These results are in
agreement with the hypothesis that hydrogen atoms mainly occupy the 4i and 4f sites with
the A2/m space group (corresponding to the 4@d 4e¢ sites with theP21/c space group

[19, 5]) which are located in the basal plane referred to the 1:5 cell [19].
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3.2. Magnetic properties

Figure 2 shows thermomagnetic curves gFBg_.Cr,H, (R =Y, Ce, Nd, Sm, Gd, Th, and
Dy) measured in a low field of 0.04 T on free-powder samples and by using a VSM from RT
to above the Curie temperature. The Curie temperafureas deduced fronM?>-T plots,
derived from the thermomagnetic cur(T), by extrapolatingV to zero. Hydrogenation
leads to an increase in the Curie temperafpreof R3Feyq ,Cr,. On average, the increase
over the values for their parent compounds reaches about 70 K.

Figure 3 displays the magnetic isotherms at 4.2 K for the magnetically aligned samples
of RsFex_,CriH, (R=Y (a), Ce (b), Nd (c), Sm (d), Gd (e), Tb ((f, = 1.0), Tb ((9),
x = 2.0) and Dy (h)) measured with a VSM. A first-order magnetization process (FOMP)
occurs in magnetic fields of around 1.5 T and 4.0 T at 4.2 K fogRdgh sCrssHs 0 and
TbsFe70CroH> s, respectively.

Figure 4 illustrates the magnetic isotherms at RT for the magnetically aligned samples
of RsFeg Cr,H, (R=Y (a), Ce (b), Nd (c), Sm (d), Gd (e), Tb ((f}, = 1.0), Tb ((9),
x = 2.0) and Dy (h)) measured with a PMF up to 12 T, together with the SPD signal plots
(d®M/dt? versusH). Singularities, indicating the critical field#,. at which the FOMP
occurs or the anisotropy field#/, at which the saturation magnetization is achieved, are
clearly detectable from the curves ofM/dr? versus H measured for the magnetically
aligned samples. As an example, the singularities at around 1.4 T and 2.9 T in the curves
of d®M /dr? versusH at RT for GgFexsoCrioHs, correspond to the critical field,, and
the anisotropy fieldH,.

Table 3. The saturation magnetization at 4.2 K and room temperature (RT) §6eR_,Cr,
and RFeyg ,Cr,H, (R=Y, Ce, Nd, Sm, Gd, Tb, and Dy) compounds.

Ms(4.2 K) Mg(RT) Ms(4.2 K) Mg(RT)
RsFex.CriH,  (Am?kg™!) (Am? kg™') RsFeo«Cri  (Am?kg™) (Am?kg™)
Ys3Fe72CrigHsg 127.4 119.6 ¥Fe7.,Crg  155.0 114.7
Ce3F625_0CF4_0H5_4 107.1 94.3 Cﬂ:Q5_oCI'4_o 110.0 54.4
Nd3FQ4A5CI‘4‘5H5Ao 103.9 111.7 N@:EQ4'5CI’4'5 137.0 88.3
SIT[;FBZ4_0CI’5_0H4>2 102.3 89.0 Sr§Fe24_0Cr5_o 98.0 80.1
GdsFexgoCrioHa2 100.3 112.4 GgFegoCrio  96.0 87.7
Tb3F928_0CF1_0H4_2 66.6 92.9 TbFezg'oCI'l'o 70.2 80.7
ThsFe70CrooH2g  60.4 88.0 TBFe70Crog 57.0 58.7
DysFe74CrigH21  58.1 86.4 DyFe74Crig  60.0 69.9

The saturation magnetizatiaWs of the hydrides BFey_.Cr,H, (R=, Ce, Nd, Sm,
Gd, Th, and Dy) and their parent compounds at 4.2 K and RT investigated here are listed
in table 3. The values of the saturation magnetization at 4.2 K and at RT were derived
from the high-field data of the magnetization curves measured in the external field applied
parallel to the alignment direction of the powder samples, based on the law of approach to
saturation.

Table 4 gives the Curie temperatufie, the saturation magnetizatioy, and the
anisotropy fieldH, at 4.2 K and RT for the hydridessRex_.CriH, (R =Y, Ce, Nd,
Sm, Gd, Th, and Dy) and their parent compounds. In this table, the units of the saturation
magnetization at 4.2 K and at RT were converted from Akg ! into uz/f.u. for use
in the discussion of the physics. The anisotropy filgl at 4.2 K was deduced from the
intercept of the two magnetization curves, by extrapolating the straight-line parts, measured
in magnetic fields applied parallel and perpendicular to the alignment direction of the powder



7044 Xiu-Feng Han et al

150 : , , . { 150 —
— g a
B .o 5

- ;&

N\mo ﬁ“ 160 5

g g (a) YgFe,, Cr JHy g o

= 50 vv O parallel © parallel 50 %

= v ® perpendicular ¢ perpendicular ;
4 % 3 o

y  Yvowovvvvv-vvvvevewe ~SPD B oo oovruervevveveYVY L o

0 l I i i i i I i l ‘ 0~

ey

v (d) Sm aF€24.0CT5 o1y 2 =

> ¥ JON 0 parallel 3
100 000 - e perpendicular 160 Qa
~ S06680 Il

mg F & (c) Nd Fe,, Cr, H_ 12
= 50 _:‘Zv? © parallel {50 &

F ® perpendicular ~

= $ ~SPD =
O A A A A AAA A A A SPD VVV'V'V-VVVVVVVVVVVVW M‘*t

0 — — e

-

100 ¥ M 1y (1) TbgFe,q oCTy JH, o {100 &

cHl 2y ¥ oo 3

g £
< ?‘7%., (e) G4 Fe, Cr, H, . ﬁ)ﬁw ;
NE 50 |- o parallel 1:;3‘ o] parallel' 50 o
4 > e perpendicular ..% ¢ perpendicular %
— 't ~SPD f % —-SPD ~
= ? ] A A A A A A mz
0 i I i i i ‘ + i I ‘ o
o~ v :'):
op I =
< g OCWM :
o® h) Dy,.F .

NE 50 [X0* (g) TbyFe , oCTa otz p , ( ) DYeea4CrigHlz s se &
< O parallel '. VV O parallel 5
-~ [ 4 ® perpendicular s Y ¢ perpendicular @

.y 19 i
= . ¢ -SPD |8 _SPD ~
%o B AA A p vy s
vvavvvv VVVVVVVVWWVWW =

0 L L ! ; L ! L 0 ®

he)

0 2 4 6 8 10 0 2 4 6 8 10 12

poH (T) poH (T)

Figure 4. Magnetic isotherms and SPD signals at RT fgFBg_,Cr,H, (R=, Ce, Nd, Sm,
Gd, Tb, and Dy) measured with a PMF in an external field applied either parallel or perpendicular
to the alignment direction of the powder samples.

samples. The anisotropy field, at RT was determined from the singularities in the SPD
signal plots (d/?/dr? versusH) or the intercept of the two magnetization curves measured
in magnetic fields applied parallel and perpendicular to the alignment direction of the powder
samples.

It can be seen that introducing H as interstitial atoms resulted in improvements for all
of the hydrides RFey_,CrH, in the saturation magnetization at RT compared with those
of their parent compounds owing to the increase in Curie temperature. Hydrogenation also
led to an increase for4Req_,Cr, with R = Sm, Gd, Tb £ = 2.0), and Dy, and a decrease
for RsFeyg_Cr, with R=1Y, Ce, Nd, and ThX = 1.0) in the saturation magnetization at
4.2 K. After hydrogenation, an increase fogH&g . Cr, with R=Y, Sm, and Tb{ = 2.0)
and a decrease for Bye,74Cry 6 in the anisotropy field both at 4.2 K and RT are observed.
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Table 4. The Curie temperatur@c, the saturation magnetizatioWg, and the anisotropy field
H, at 4.2 K and room temperature (RT) fosReg_.Cr, and RFeg Cr,H, (R =Y, Ce,
Nd, Sm, Gd, Th, and Dy) compounds.

Tc  Ms(42K) Ms(RT)  poHa(4.2K)  poHA(RT)

RsFeeCri(Hy)  (K)  (up/fu)  (up/fu) (1) (M

Y3Fe72Crig 427 52.2 38.6 3.4 1.4
CesFexsoCrap 317 395 19.7 2.5 0.6
Nd3Fe45Cras 413 499 32.2 9.1 1.2
SmeFe40Crs0 424  36.0 29.4 9.6 2.7
GdsFesoCrio 507 35.9 32.8 7.7 3.6
ThsFexsoCrio 465 26.3 30.2 9.2 3.2
ThsFe70Cra0 470 21.3 22.0 9.8 3.7
DysFe74Cri6 442 226 26.3 14.1 4.6
Y3Fe72CrigHss 488 43.0 40.3 3.6 15
CesFexs0CraoHs4 398 38.6 34.0 1.2 0.7
Nd3F624'5CI'445H5'0 488 37.9 40.8 4.0 1.6
SmeFe40CrsoHa 474 37.6 32.7 10.3 29
GdsFegoCrioHa2, 571 37.6 42.1 8.4 29
ThsFesoCrioHa2 554 25.0 34.9 9.6 15
Tb3F927_0CI’2_0H2v8 530 22.6 33.0 10.6 4.3
DysFe74CrigH21 508  21.9 325 11.6 2.7

But the variations of the anisotropy field both at 4.2 K and RT upon hydrogenation for
RsFeg Cr, with R = Ce, Nd, Gd, and Thx(= 1.0) display a complicated behaviour, due
to the varying Cr concentratiorx) and the varying H concentratioy)

The saturation magnetization ogfe,7,Cry gH3 g at 4.2 Kis 43.Qu 3 /f.u. corresponding
to an average Fe magnetic moment of 1;68/Fe. Hydrogenation leads to a decrease of
0.34 up/Fe in the average Fe magnetic moment compared with that;FeY,Cr; g at
4.2 K. After hydrogenation, the decrease or increase in the saturation magnetization for
other hydrides is determined by the net magnetic moment of the R and Fe sublattices owing
to the ferromagnetic or antiferromagnetic coupling between the magnetic moments of the
R and Fe sublattices. A small increase in the anisotropy fields&®Y, ,Cr; gHsg at 4.2 K
is observed, which indicates that hydrogenation can slightly improve the planar magnetic
anisotropy for the Fe sublattice in thefe7,Cr; g compounds at 4.2 K.

4. Conclusions

A systematic investigation of phase formation, crystallographic properties, and intrinsic
magnetic properties of the hydridegfRyy_,Cr,H, (R=Y, Ce, Nd, Sm, Gd, Tb, and Dy)

has been performed in this work. Hydrogenation leads to a relative volume expansion of
the unit cell of between 0.84% and 2.6%, and a corresponding decrease in x-ray density
for each compound. The lattice constants and the unit-cell volWmef RsFeg ,Cr,

and RFe&g ,.Cr.H, decrease with increasing R atomic number from Nd to Dy, except
for Ce, reflecting the lanthanide contraction. The abnormal crystallographic and magnetic
properties of CgrexsoCrio and CgFexsoCragHs4 indicate that the Ce ion is non-triply
ionized. Hydrogenation leads to anisotropic expansions mainly along-ttead b-axes
rather than along the-axis for each compound. This result indicates that the hydrogen
atoms mainly occupy the 4i and 4f sites with th@/m space group which are located in

the basal plane referred to the 1:5 cell.
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Hydrogenation results in an increase in the Curie temperature for each compound, and
this leads to an increase in the saturation magnetization at RTsfesiR ,Cr, with R =,
Ce, Nd, Sm, Gd, Th, and Dy. The average Fe atomic magnetic momgrdat 4.2 K in
YsFe7,CrgHsg is 1.58 ug/Fe, which is 0.34ug/Fe lower than that in the compound
Y3F&72Crys.

CeaFexsoCryo and NaFe,sCry 5, showing the larger content of hydrogen with= 5.4
and 5.0 in these compounds, may be interesting candidates for further investigation in order
to develop new hydrogen storage media.
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