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Abstract

The structural and magnetic properties of YosErosFeDa42 deuteride have been investigated by
continuous high field magnetic measurements up to 35 T and neutron powder diffraction
experiments versus temperature and applied field. YosErosFe2Da. crystallizes in a monoclinic
structure (Pc space group) resulting from the deuterium order into 18 interstitial tetrahedral
sites. At low field, the deuteride is ferrimagnetic (Ferri) up to 38 K, between 38 and 50 K, it
undergoes a first order transition towards an antiferromagnetic (AFM) structure, which remains
present up to Tn=115 K. Upon applied field, two different types of metamagnetic behavior are
observed depending on the temperature range. Below 38 K, a forced ferrimagnetic-
ferromagnetic (FM) transition is observed at a transition field Brrans 0f Only 7 T (at 2 K), which
is among the smallest encountered for Fe rich intermetallics. Brrans IS NOt very sensitive to
temperature changes nor to the Er content and its moderate value is explained by a deuterium
induced weakening of the Er-Fe interaction. The second metamagnetic transition, observed
between 38 and 150 K, from an AFM (Para) towards a FM structure, is related to the itinerant
electron metamagnetic behavior of the Fe sublattice. Brrans increases linearly versus temperature
with a dB/dT slope of 0.24+0.01 T.K™X. Above Brrans, Er moments parallel to the Fe moments

are induced.
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1. Introduction

Rare-earth (RE) and 3d transition metal (TM) intermetallic compounds present a wide
range of interesting fundamental magnetic properties and they can be used in many various
applications (permanent magnets, magnetic storage, magnetic refrigeration...) related to the
coupling between the localized magnetism of the 4f electrons and the itinerant behavior of 3d
bands. The direct 3d-3d interactions are larger than the 4f-4f and 4f-3d indirect interactions
(RKKY interactions), but the last one is responsible for the nature of the coupling between the
RE and TM moments. The sign of the 4f-3d interaction in the ground state depends on the nature
of the rare earth: it is positive for light rare-earths (RE=Ce-Eu) and negative for heavy rare-
earth (RE=Gd-Tm). As a consequence, RE-TM intermetallic compounds with heavy rare-earth
show an antiparallel coupling of the RE and TM moments in the ground state at low field and
low temperature. A forced ferromagnetic alignment of the heavy RE moments with Fe or Co
moments can be induced by the application of a high magnetic field. Such transitions have been
studied in RE2FeisB (RE= Tm and Er) [1, 2], ErFewsTi [3] single crystals, RE;TMi7
intermetallics (RE= Er, Tm; TM=Fe, Co) [4-6] using pulsed-field induction magnetometer. In
TmCo17 a ferromagnetic state with Tm and Co moments parallel to the c-axis was observed
above 50 T and with a transition field Btans 0f 39 T [4]. In TmaFe17, two step-like transitions
were observed at 41 and 54 T but the ferromagnetic alignment was far from being reached at
60 T [6]. Hydrogen absorption has been used to decrease the transition magnetic field and even
reach saturation. For example, a ferromagnetic state has been reached at only 57 T in TmzFe17Hs
[7]. Indeed, H insertion induces a large cell volume increase and consequently a reduction of
the RE-TM interactions and a lowering of Birans. In TmFe2Hs 4 a spin reorientation has been
observed with Buans~ 10 T at 4.2 K, but the ferromagnetic state was reached at a saturation field
Bsat =100 T due to large Tm anisotropy [8]. In [7], a linear decrease of the reduced exchange
integral Jre-re Versus the relative cell volume change (AV/V) was presented for selected RE2Fe17
hydrides, deuterides, carbides and nitrides and REFe> hydrides. This decrease was found larger
for the REFe;Hy Laves phase compounds which can absorb a significantly higher H content
versus metal atom (H/M=1.1 for y=3.4) compared to REzFe17Hy hydrides (H/M= 0.26 for y =5).
Few results were reported for Er-Fe and Er-Co compounds (Er.Cos7) but saturation could not

be reached even at maximum applied fields [3, 5].

We have recently observed a forced ferromagnetic transition in Yo 7Ero sFe2Da.2 at a Btrans
of only 8T below 30 K [9], which is even smaller than for TmFe2D3.4 (Burans =10 T) [8]. At 4.2
K and using continuous high magnetic field up to 35 T (isothermal conditions) the saturation
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magnetization reaches 6.3 pg (f.u.)?, close to the value expected for a ferromagnetic structure

with parallel Fe and Er moments (6.5 ps).

At higher temperature Yo.7Ero3Fe2Da. displays a second metamagnetic transition which
has been related to the itinerant electron metamagnetic (IEM) behavior of the Fe sublattice. At
low field Yo7ErosFe2D42 undergoes a ferromagnetic—antiferromagnetic (FM-AFM) transition
at Tmo = 66 K. Above Twmo, a field induced AFM-FM transition is observed, with a linear
increase of Brrans Versus applied field. As the Er moments order below Te= 55 K (B=0), the Er
sublattice should be paramagnetic above Tmo. However, the increase of the magnetization
curves above Brrans cannot be only explained by the sum of the ferromagnetic contribution of
the Fe sublattice and the paramagnetic contribution of the Er atoms. To explain this observation,

it has been assumed that Er moments parallel to the Fe moments are also induced above Brrans.

The first aim of this study is therefore to investigate the nature and the mechanism of
the forced ferri-ferromagnetic transition, which was observed at low temperature in
Yo.7ErosFe2Da2, by studying a compound with larger Er content. The second goal it is to
observe more clearly the influence of the Er content on the FM-AFM transition and understand

the behavior of the Er sublattice under applied field above Twmo.

For this purpose, we have investigated the structural and magnetic properties of
Yo.5ErosFe2Da.2 deuteride using both high magnetic field measurements up to 35 T in isothermal
conditions and neutron powder diffraction under applied field at different temperatures. These
results will be presented and compared with those of Y1.xErxFe2Da» deuterides (x = 0, 0.3). A
more general discussion will be performed about forced ferromagnetic transitions and 1IEM
behavior in comparison with other RE-Fe(Co) systems displaying similar type of transition and
discuss the influence of hydrogen insertion.

2. Experimental methods

The synthesis methods of the YosErosFez intermetallic compound and corresponding
deuterides are described in details in refs. [9, 10]. Two deuteride samples have been prepared
by a Sievert method: a first one with a small mass of m=0.5 g (S1) and the second one with
larger mass m=11.2 g for neutron diffraction experiments (S2). Both samples were quenched
into liquid nitrogen after deuterium absorption to avoid deuterium release and slowly heated

under air up to room temperature in order to passivize the surface and avoid further deuterium



desorption. The average D content determined from volumetric method and change of mass
after absorption was 4.25+0.10 D f.u2,

The crystal structure of intermetallic and both deuterides was checked by powder X-ray
diffraction (XRD) at room temperature on a D8 Bruker diffractometer (Cu K, radiation).
Yo:sErosFe2 was found to crystallize in the cubic C15 structure (Fd-3m space group) with a=
7.3182(1) A (v=391.93 A3). The electron probe microanalysis (EPMA) confirms that this
compound is single phase with an average composition Yos2e)Ero.486)Fe2.10(7) calculated over
200 points.

The magnetization measurements were performed using a conventional Physical
Properties Measurement System (PPMS-9T) from Quantum Design operating with field up to
9 T. Additional high field magnetic measurements were performed in Grenoble High Magnetic
Field Laboratory (GHMFL, Grenoble, France) in high continuous magnetic field up to 35 T.
The experimental procedures of the magnetic studies are detailed in [11]. Isothermal variations
M+(B) were then obtained. It is noted that after sweeping the field up and down at a given

temperature the absence of remanent magnetization was checked before increasing temperature.

Neutron powder diffraction (NPD) patterns of YosErosFe:Das2 have been registered at
300 K on the high-resolution spectrometer 3T2 in the Laboratoire Léon Brillouin (LLB, CEA,
Saclay, France) with a wavelength of 1.225 A. Additional NPD measurements were performed
with the DI1B instrument at the Institut Laue Langevin (ILL, Grenoble, France) with
temperature varying from 2 to 300 K. On the D1B instrument the diffraction patterns have been
recorded over an angular range of 80° (26) starting at 3° and using a multidetector with a step
width of 0.2° between each of the 400 3He detection cells. In this configuration D1B is operating
with a wavelength of 1 = 2.52 A selected by a (002) Bragg reflection of a pyrolytic graphite
monochromator, the take-off angle being 44.2° in 26. Due to the high flux available on the
instrument, temperature evolution of the diffraction pattern has been recorded in situ during
heating by recording the diffraction patterns every 3 K. The powder sample was introduced in

vanadium cylindrical sample container.

NPD measurements have been also performed between 2 and 170 K in vertical magnetic
field up to 10 T on E6 focusing diffractometer in Helmholtz Zentrum Berlin (HZB, Berlin,
Germany). The powder sample introduced in an aluminum cylindrical sample container was

frozen using deuterated alcohol to avoid preferred orientation of grains with the magnetic field.



The selected wavelength was 2.454 A. The angular range was between 3 ° < 20 < 113 ° with a
step width of 0.15 °.

All the XRD and NPD patterns were analysed using the Rietveld refinement method
implemented in the Fullprof code [12].

3. Experimental Results
3.1 Crystal structure

The XRD analysis of YosErosFe:Ds2 S1 and S2 samples at room temperature (RT) shows
that the main phase has a monoclinic structure isostructural to that of YFe2D42. The S1 sample
was found single phase compound, but the second S2 sample contained two additional cubic
phases with smaller cell volume, corresponding to deuteride phases with smaller D content. The
XRD results are reported in Table 1. The monoclinic cell is described in the Pc space group
that has been previously determined by NPD measurements to fully describe the crystal
structure of YFe2Da4. taking into account the ordering of deuterium atoms [13]. This monoclinic
structure corresponds to a distortion of the cubic structure of the pristine compound with a mean

cell volume increase AV/V= 26.8% for YosErosFesDao.

The NPD pattern of S2 sample measured at 300 K on 3T2 was refined with the same
monoclinic structure than YFez2Da2and Yo.7ErosFe2Da.2 in Pc space group [9, 13] and two cubic
phases with Fd-3m space group. The results of the refinement are given in Table 2 and the
refined NPD pattern is presented in Fig. 1. The monoclinic b cell parameter has a particular
behavior compared to the two other a and ¢ parameters: it is expanded while the two others are
contracted and it is doubled along the b axis compared to the values obtained by symmetry
lowering starting from a cubic structure with the same cell volume expansion. The a, b, ¢ and
V cell parameters of the monoclinic structure in YosErosFe:Da42 are smaller than that of
YFe2Da. as expected from the smaller radius of Er relative to Y. The monoclinic cell volume
was reduced of 1.26 % compared to YFe2Da4... The monoclinic angle £ remains similar in both
compounds. In the monoclinic phase there are 4 RE sites (with 0.5 Y and 0.5 Er on each RE
site), 8 Fe sites and 18 deuterium sites. The deuterium atoms are located in 15 RE2Fe; and 3
REFes (D11, D17 and D18) tetrahedral interstitial sites with occupancy factors ranging between
0.62 and 1. No D atom were observed in Fe4 sites which have smaller size. The total D content
4.04 D (f.u.)* is smaller than that refined for YFezDa4. but comparable to that of Yo.7ErosFezDa>
(4.05 D (f.u.)d). As in this monoclinic structure they are 96 available RE2Fe; and 32 REFes



tetrahedral interstitial sites, this means that 81 RE>Fe; and 29 REFes remain empty. The
existence of empty sites is partially explained by the repulsion between two D atoms closer than
2 A. The lowering of symmetry in a monoclinic structure results from a minimization of the
total energy compared to a disordered cubic structure and leads also to a displacement of the
metal atoms to accommodate the presence of interstitial deuterium atoms. Some Fe-Fe

interatomic distances are elongated whereas other are shortened.

The cell volumes of the two cubic phases in sample S2 are smaller than the monoclinic one and
the number of D atoms located in REzFe; sites smaller than in the monoclinic phase. This

indicates a partial deuterium desorption from this sample despite our trial to avoid it.

Table 1: Cell parameters of YFez2D4.2 and YosErosFe2Da.2 deuterides S1 and S2 at 293 K.

Compounds S.G. a (A b (A) c(A) B V (A3 Wt
%
YFe;Da Pc 5507(1) | 11.472(2) | 9.428(1) | 122.354(1) | 502.96(9) | 100
YosErosFeDaz | PC 5.4825(2) | 11.4286(4) | 9.3894(3) | 122.359(2) | 496.94(2) | 100
S1
YosErosFe:Daz | Pe 5.4875(3) | 11.4126(6) | 9.3943(4) | 122.429(2) | 496.57(2) | 77(1)
S2
Fd-3m | 7.9028(7) 49357(8) | 17(1)
Fd-3m | 7.5757(4) 434.77(8) | 6(1)
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Fig. 1: Refined NPD pattern of YosErosFe2Da2 (Sample S2) measured in 3T2 at 300 K (A=

1.225 A). Refinement with one monoclinic and two cubic phases. (Q = 4 sin®© /).



Table 2: Results of the refinement of YosErosFe2Da.> NPD pattern measured on 3T2 at 300 K.

The Debye Waller factors were constrained to the same values for Y/Er, Fe and D atoms
respectively. The Y and Er atoms were located on the same sites with an occupancy ratio
0.5:0.5 in agreement with the chemical analysis.

Atom X y z B (A?) Nocc
Y1, Erl |0.140 0.119 0.869 0.83('5) 1
Y2,Er2 | 0.873 0.372 0.636 1
Y3,Er3 |0.112 0.375 0.362 1
Y4, Erd | 0.880 0.121 0.132 1
Fel 0.492 0.127 0.488 0.77(3) 1
Fe2 0.029 0.128 0.515 1
Fe3 0.503 0.243 0.256 1
Fed 0.505 0.244 0.751 1
Fe5 0.008 0.374 -0.005 1
Fe6 0.494 0.494 0.240 1
Fe7 0.479 0.992 0.737 1
Fe8 0.508 0.382 0.001 1
D1 0.553(15) 0.618(5) 0.846(8) 1.58(11) 0.71(9)
D2 0.446(15) 0.628(4) 0.134(6) 0.77(9)
D3 0.497(11) | 0.137(5) 0.154(7) 0.62(10)
D4 0.868(8) 0.274(3) 0.826(5) 1.00(8)
D5 0.133(9) 0.004(3) 0.635(4) 1.00(8)
D6 0.118(8) 0.277(4) 0.155(5) 0.97(10)
D7 0.175(8) 0.777(4) 0.168(5) 1.00(9)
D8 0.872(9) 0.467(4) 0.840 (5) 0.97(9)
D9 0.871(7) 0.975(4) 0.838(5) 1.00(9)
D10 0.279 (10) | 0.466(4) 0.807(5) 0.81(9)
D11 0.647(8) 0.135(3) 0.721(4) 0.96(9)
D12 0.772(9) 0.740(3) 0.786(5) 0.74(8)
D13 0.563(7) 0.237(3) 0.939(4) 1.00(8)
D14 0.169(8) 0.838 (3) 0.904(4) 1.00(9)
D15 0.826(8) 0.567(3) 0.596(5) 0.82(9)
D16 0.499(7) 0.974(3) 0.427(4) 1.00(8)
D17 0.291(10) 0.525(4) 0.531(5) 0.79(9)
D18 0.732(8) 0.193(3) 0.466(4) 0.91(8)

Space group | Cell parameters |V (A% D/f.u. wit%
Mono P1C1 a=5.4822(2) A | 495.63 (3) 4.04(4) 79.3(1.5)
b=11.4136(5) A
c=9.3839(3) A
[=122.424(3)°
Cub1 Fd-3m a=7.8939(6) A | 491.90 (7) 3.2(2) 17.2(8)
Cub 2 Fd-3m a=7.5642(8) A | 432.81(8) 1.6(4) 3.5(4)
RBragg :5.7% | Rp: 10% Rwp: 10.3% | Chi2: 6.5




3.2 Magnetic properties
3.2.1 Magnetic measurements

The magnetic properties of the two S1 and S2 samples are compared in Fig. 2 (a) to observe
the magnetic influence of the two cubic phases in S2 sample. Between 1.5 and 60 K and at very
low field (B = 0.03 T) the magnetization curves Mg(T) of both samples display a sharp peak
with a maximum at 38(1) K (Fig. 2(a)). This comparison shows that this low temperature peak
can be considered as an intrinsic property of the monoclinic deuteride. The decrease of Mg
below 38 K is ascribed to the ferrimagnetic behavior features by a reinforcement of the Er
magnetic moment upon cooling, thus leading to a reduced magnetization. Above 38 K the sharp
decrease of Mg is attributed to the ferro to antiferromagnetic coupling of the Fe sublattice as

observed for YFe2D4.» and related compounds [14].

Isofield magnetization measurements were recorded at different temperatures in applied
field up to 9 T (Fig. 2(b)). The pronounced magnetization peak is clearly observed in field
ranging from 0.03 to 1.5 T. In this field range, the compound exhibits a ferrimagnetic type
behavior. For larger applied fields, the low temperature shows a broad feature and evolves
towards a ferromagnetic like behavior at 8 and 9 T (Fig. 2(b)). The main magnetic variation at
9 T is a decrease of Mg(T) around 75 K.

The two studied YosErosFe2Da2 samples present very similar magnetic behavior including
same transition temperatures. Consequently, the low temperature behavior is unambiguously
ascribed to the monoclinic phase. The magnetic contribution of the minority cubic phases is
only observable above 55K and yields higher magnetization value but no clear additional
transitions. M1(B) values measured under 9 T for the two samples differs from 5 % only below
80 K.
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Fig. 2 : Thermomagnetization curves of the Yo sErosFeDssamples under different applied
magnetic fields: a) comparison of S1 and S2 under 0.03T; b) Evolution of the magnetization

curves under different applied field for sample S1 in main part and sample S2 in Inset.
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Fig. 3: Magnetization curves of the YosErosFe2Dso compound (S2) under high magnetic field

up to 35 T between 4.2 and 53 K (a) and 53K to 150 K (b).
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Fig. 4: Arrott-Belov curves of the Yo.sErosFe2Dao S2 compound measured under high magnetic
field (35 T) between 4.2 and 38 K (a) and 53 K to 150 K (b).

The magnetization curves M1(B) of sample S2 recorded up to 35 T applied field are
displayed in Fig. 3 for temperatures ranging between 4.2 and 150 K. The M1(B) curves between
4.2 and 53 K cross near Bcross= 8.2 T with Mg(T) = 3.65(5) us (Fig. 3(a)). Interestingly, Bcross
does not change versus temperature between 4.2 and 53 K and Mg(T) is close to the value
measured for YFez2D4.2 at 4.2 K (3.76 ps).

Between 62 and 150 K, the Mt(B) curves present a metamagnetic behavior with a critical
field shifted to larger values as T increases (Fig. 3(b)). The S shape of the corresponding Arrott-
Below plots (Fig. 4) clearly indicates the first order character of both metamagnetic transitions
occurring for T<28 K and 62 <T < 140 K respectively. The intermediate behavior observed at
38 and 53 K, also leads to cross the other curves at the critical field of c.a. 8.2T. In this
temperature range the transition, if any, is no longer of first order since the S shape has

disappeared in the Arrott-Below plots.

The transition fields Brans are obtained at each temperature from the maximum of the
dM+(B)/dB derivative and are compared to that of YFe,Da4.» deuteride in Fig. 5. Below 38 K,
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Brans Varies between 7 and 8.2 T for the Er containing compound. In this low temperature range,
the Er and Fe sublattices form a ferrimagnet in the ground state. Increasing the field is expected
to favor a ferromagnetic arrangement; therefore Brrans IS assigned to such ferri to ferromagnetic
transition. The occurrence of similar metamagnetic transition from ferrimagnetic towards a

ferromagnetic state has been also reported in Yo.7ErosFe2Da2 [9] .

Then above the temperature Tmo=38 K, Btrans increases linearly versus temperature for the
two compounds (x=0 and 0.5); Tmo values being obtained by an extrapolation of Birans t0 zero
field. Note that Twmo also corresponds to the maximum of the peak observed in the magnetization
curve of YosErosFeDao at 0.03 T. Twmo decreases versus the Er content and the dBtrans/dT slope
is larger for the Er containing compound (0.24+0.01 T.K™) than without Er (0.15 T.K™?). In this
temperature range Bians has been attributed to the transition from an AFM towards a FM state
[9] through an itinerant metamagnetic behavior of the Fe sublattice.

30 ————
] *
25 - P
20 * .
E o
§15 i x=05 ¢ T
= 1 PN
mlO— \\,’_ oo_
le ” ’ "] 0\
5 - Tmo,r" 'oo w=0
ol ¢
0 50 100 150

T (K)

Fig. 5: Transition field Brrans Versus temperature for Y1xErxFeDa2 compounds (x=0, 0.5).

The spontaneous magnetization (Mspont) Was obtained by extrapolation of the linear part

of the magnetization (above 1 T and below Brrans) as defined below and in ref [9]:
Mr (B) = Mspon(T) + ¥(T).B (1)
The evolution of Mspont is displayed in Fig. 6(a) and is compared with that of YFe2Da..

At 4.2 K, Mspon= 0.35 pg corresponds to 2.mge-0.5.mgr with mge= 1.82 pg (Fe atom)™ and

mMe=6.58 pe (Er atom)? assuming a collinear and antiparallel alignment of the Fe and Er
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moments. The mean Fe moment mge was assumed to be the same than for YFe;Ds4. and it
corresponds to half the magnetization obtained at Bcross. The mean Er moment me; is smaller
than the free ion value (9 ug), but close to the value observed in Yo.7Ero.3Fe2Da2 (Mer = 6.4 Us
(Er atom)1). The reduction of mer compared to the free ion value can be attributed to a strong
crystal field effect related to the Er environment. The increase of Mspont Up to 40 K can be
related to the decrease of mer. Above Two, Mspont IS barely identical to the value obtained for
YFe2Ds2. We conclude that, in this high temperature range, the Fe magnetic moments are in

the same magnetic state for both compounds and that the Er contribution to the magnetization
is very small.
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Fig. 6: Temperature evolution of the spontaneous magnetization Mspont (a) and of the saturation
magnetization Msat (b) for the Y1.xErxFeDa.2 deuterides (x=0, 0.5).

The saturation magnetization (Msa) has been extrapolated at high field using the 1/B?
ferromagnetic approach law above 15 T:

Mr (B) = Msa(T )(1 — bw/B?) (2)
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Msat Of YosErosFez2Daz is significantly larger than that of YFe2Da 2 in all the temperature
range. Assuming that the difference between the two deuterides is related to the Er moments
parallel to the Fe ones, me= 8.3 ps (Er atom)™ at 4.2 K. This value is larger than that estimated
at low field but remains smaller than the Er free ion value. The observation of the M+(B) curves
in Fig. 3(a) shows that the saturation is still not reached at 35 T due to the large Er anisotropy
indicating that a higher magnetic field will be necessary to reach a saturated ferromagnetic state.
Msat IS almost constant up to 53 K, then a progressive decrease is observed. The saturation
magnetization of YFezD4. is large (close to 4ps/f.u.) and corresponds to the field induced
ferromagnetic coupling of the Fe magnetic moments. The larger value of Msa: Of Yo5ErgsFez2Da.2
as compared to that of YFezDa» indicates that an Er moment component parallel to the Fe
magnetization should be induced by the applied magnetic field thus contributing to the total
magnetization. Up to 50K, Msat of YosErosFe2Da42 remains constant at about 8ps/f.u. in spite
of the temperature increase. Then above 50K, as can be seen from Fig. 6(b), the Msa of
YosErosFe:Da2 and YFezDa2 present different behaviors. The first compound exhibits a Msat
decrease versus temperature whereas for the second one, featuring the Fe sublattice only, Msat
remains almost constant. The Msa difference is consequently attributed to the Er sublattice
magnetization and its temperature dependence reflects the Er moment decrease versus
temperature. At 150K, we estimate the field induced ferromagnetic component of the Er
moment to 5.7us/Er atom against 1.75us/Fe atom.

Interestingly, one can notice that Mspont Slightly increases versus temperature whereas
Msat decreases above 50 K for Er containing compound. In spite of these opposite evolutions
both reflect the same thermally activated reduction of the Er magnetic moment in the ferri (or

AFM) and field-induced ferromagnetic regime respectively.
3.2.2 Neutron diffraction

3.2.2.1 Magnetic structuresat B=0 T

The temperature dependence of the NPD patterns measured from 2 to 300 K on D1B
spectrometer is presented as a 3D plot in Fig. 7. This plot shows the existence of magnetic peaks
related to three magnetic ranges: a ferrimagnetic structure at low temperature, an intermediate
AFM structure between Twmo and Tn and a paramagnetic state above Tn. NPD patterns

representative of each magnetic range (T= 2, 75 and 208 K) are displayed in Fig. 8.
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Fig. 7: Temperature evolution of the NPD patterns of YosErosFe2Da2 (sample S2) recorded
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A 2 K, three main magnetic peaks are observed: an intense peak (noted NF) at Q =
1.35 A%, which contains the nuclear and the magnetic contributions of both Er and Fe moments,
and two small peaks labelled Erl and Er2 at Q = 2.195 and 2.296 A respectively, which are
only due to the Er magnetic moments. The magnetic peak indexation are reported in Fig. 8. At
75 K, we observe a large peak at Q = 0.26 A (referred to as AF) and a smaller one at Q = 1.14
At which both belong to the AFM structure, whereas the intensity of the large NF peak has
decreased, and the two magnetic Erl and Er2 peaks are no more visible. Then at 208 K, only

peaks belonging to the crystal structure are seeable.

In Fig. 9, the thermal variation of the intensity of the three main magnetic peaks
(NF, Erl and AF), allows to determine the magnetic ordering temperatures: the Er sublattice
orders at Ter=50 K, the AFM structure appears at Tar=40K (close to Tmo= 38 K) and disappears
at Tn=115 K with a maximum at 74 K. As T is higher than Twmo, this means that a transition

occurs between a ferrimagnetic order (Ferri) towards an AFM structure between 38 and 50 K.
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Fig. 9: Temperature dependence of (top) the intensities of AF, NF and Erl Bragg peaks and
(bottom) cell volume of Yo sErosFe2Da4.2 in zero applied field for the S2 sample. Tmo and Tn

positions are marked with dotted line as guide for eyes.
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The cell volume (bottom of Fig. 9) decreases sharply (AV/V=-0.87 %) between 38
and 55 K with an inflexion point at 45 K, then is almost constant in the AFM range between 55
and 115 K. The linear increase of the cell volume above 115 K- in the paramagnetic range- is
related to the thermal expansion with a coefficient av=1/Vo dV/dT= 2.67(4)10° K and Vo=
493.38A3. All three a, b, ¢ parameters show a sharp decrease above Two (Fig. 10), with relative
contractions of -0.33 % for a, -0.26 % for b and -0.31% for c. There is a very small variation of
the monoclinic angle  near Twmo indicating that the monoclinic distortion is not changed. This
cell parameter contraction has been attributed to the magnetostrictive effect related to the Ferri-
AFM transition. In Yo 7ErosFe2Da 2 the cell contraction was much more pronounced in the (a,
c) plane compared to the monoclinic b parameter. The thermal expansion coefficients measured
above 150 K are around 1.40+0.2 10° K™ for a and ¢ cell parameters and only 0.54 10° K for
b cell parameter. The smallest thermal expansion for b parameter results from the opposite
influence of the monoclinic distortion and the thermal dilatation. Indeed, the lowering of the
crystal symmetry from cubic towards the monoclinic structure induces a contraction of a and ¢

cell parameters and an expansion for b cell parameter as T decreases.
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Fig 10. Cell parameters variation versus temperature. The positions of Tmo and T are

indicated by arrows.

A guantitative analysis of the magnetic structure of YosErosFe:Da2 was undertaken by
refining the NPD pattern measured at 10 K on 3T2. In a first attempt the NPD pattern was
refined taking into account only the nuclear contribution of the three phases (one monoclinic
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and two cubic phases) with the deuterium positions and occupation factors refined at 300 K and
a collinear ferrimagnetic structure for the YosErosFe2D4 monoclinic phase. This magnetic
structure was described as in ref [9], with the same mean Er (Fe) moment mer (mee) for all Er
(Fe) atoms. The refined Er and Fe moments were respectively mg =7.53[15] ps and
mre=2.51(6) Ug, corresponding to larger values than estimated from the magnetic measurements
(mer=6.58 ps and mre= 1.82 ). In a second step, a magnetic structure was added for the main
cubic phase (a =7.8939 A at 300 K and 7.8889 A at 10 K). This allows to obtain me=6.43(15)
Ms and mre=1.92(6) s for the main monoclinic phase, values similar to those deduced from
magnetic measurements. However, attempt to determine the magnetic structure of the cubic
phase YosErosFe2Ds2 assuming also a collinear ferrimagnetic structure did not permit to get
precisely the Er and Fe moments in such secondary phases. Adding a magnetic contribution to
the second cubic phase YosErosFe2D16 did not improve the NPD pattern refinement nor modify
the results for the monoclinic magnetic structure. Two main reasons for this being the low
content of the secondary phases and the already large number of refined parameters. In addition,
for the same reasons, it was not possible to perform a quantitative analysis of the
antiferromagnetic structure using the NPD pattern measured at 75 K on D1B which has a
limited Q range (0.5-3 A'%). Nevertheless, as Yo.sErosFezDaois isostructural to Yo.7ErosFezDao
and the low temperature diffraction patterns present similar magnetic peaks, it is also reasonable

to assume similar collinear ferrimagnetic and antiferromagnetic structures for this compound.

3.2.2.2 Neutron diffraction experiments versus applied field

The evolution of the NPD patterns at 2 K was measured between 0 and 12 T. The main
observations are a field-induced decrease of the NF line intensity and a variation of the Erl and
Er2 intensities. A plot of selected patterns between 0 and 12 T is shown in Fig. 11, whereas the
variation of the NF and Erl peak intensities versus field is displayed in Fig. 12(a). The main
NF peak decreases continuously versus field with an inflexion point at 7.4 T, i.e. close to the
transition field determined with the magnetization curve at 4.2 K (Btrans= 7 T). The Erl peak
intensity decreases down to a minima at 6 T and increases after. The variation of the Er2 peak
intensity is more difficult to observe due to its weaker intensity leading to a low signal/noise
ratio). A small peak intensity decrease is however observed as the field varies from 0 to 3T, but
then the intensity remains constant within the error bars. These results can be interpreted,
through appropriate simulations, to a decrease of the mean Er moment magnitude, but not to a
full demagnetization which would imply the disappearance of the Erl and Er2 peaks. On the
other hand, if the ferri-ferromagnetic transition was only due to a rotation of the Er moment,
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the intensity of the Er2 peak should increase when that of Erl decrease, which is not the case.

It is also important to notice, that there is no significant variation of the Bragg peak position,

meaning that the cell volume do not varies under applied field.

6000
:-"ﬂ\ gzooo :-"ﬂ\
€ NF =
=] =]
Z 4000+ Z
3 )
2 2
2 2
(D) ()
£ 2000 Brl | g
Er2
(@)
0 —
1.0 1.5 2.0 2.5
QA%

B(T)
1600{—— o Erl
— 3
1400 -
1200
A
1000
(b)
800 ——1
20 21 22 23

Q (A%

Fig. 11. Neutron powder diffraction patterns of YosErosFe2Da.2 recorded at 2 K under various
magnetic fields on the E6 (BENSC) spectrometer (A = 2.454 A). Inset (a) zoom on NF peak.

(b) zoom on Erl and Er2 peaks.
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The evolution of the NF and Erl peak intensity at 10 T versus temperature is similar
(Fig. 12(b)), with a progressive intensity decrease reaching a constant value above 40 K. It can
be attributed to the reduction of the Er magnetic moment, as already observed at zero field.

The NPD patterns were measured versus applied field at T= 50, 55, 65 and 75 K, i.e.
above Tmo=38 K. The variation of the NF peak intensity is presented in Fig. 13 (top). At low
field, the compound is antiferromagnetic as a weak AF peak is observed in the patterns. At 75
K, were this AF peak is more visible, a smooth decrease of its intensity is observed between 0
and 6 T. The transition is therefore characterized by simultaneous variation of two Bragg peak
intensities versus field: a decrease of the AF peak and an increase of the NF peak. Additionally,
the magnetic field which triggers the increase of the NF Bragg peak intensity is shifted to higher
values upon increasing temperature (see Fig. 13). These shifts are in agreement with Birans
variation versus T, as observed in the magnetization curves (Fig. 5). This clearly confirms that
this metamagnetic transition corresponds to the AFM-FM transition. Therefore, the progressive
NF peak intensity change at Brrans Can be attributed to both the rotation of half of the Fe
magnetic moments (from AFM to FM) and a contribution of a field-induced Er magnetic
moment component parallel to the Fe moments. This change of the Er moment results from the
field experienced at the Er position which is the sum of the applied magnetic field and the

molecular field produced by the Fe sublattice in the ferromagnetic state.

In addition, the expansion of the interplanar distances of the NF peak (dnr) is observed
as the magnetic field increases follows the NF intensity variation (Fig. 13). It confirms the
existence of a magnetostrictive effect at the AFM-FM transition as previously observed for
YFez2Da2 and Yo7ErosFe2Da2 [9, 16]. The relative distance variation Adnrdne = 0.35 % is
comparable to the thermal contraction observed for the a cell parameter (0.31 %). As the NF
peak is indexed with (100) miller indices, this indicated that the magnetostrictive effect induced

either by temperature or applied field is of the same order of magnitude.
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for YosErosFe2 Da2 deuteride at 50, 55, 65 and 75 K.

4. Discussion

This study has shown the existence of two different types of metamagnetic transitions
in YosErosFez:Da: the first one at low temperature which is observed only for Er containing
compounds and the second one observed in all Y1xErxFe2Da4.2 compounds including x=0. Both
transitions present a first order character but have different physical origin, and therefore will

be discussed separately below. It will then be followed by a more general conclusion.

4.1 Low temperature metamagnetic transition (T < 38K)

In the ground state and below 38 K, the Er and Fe sublattices form a ferrimagnetic

structure. A metamagnetic transition occurs at a transition field Btrans= 7.5£0.5 T, which remains
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almost constant between 4.2 and 38 K. This transition has been related to a change from a
ferrimagnetic towards a ferromagnetic structure, i.e. from an antiparallel towards a parallel
alignment of both Er and Fe moments. At low field the mean Er moment is 6.4 ps/Er atom only,
its reduction compared to the Er®* free ion value can be attributed to a crystal field effect. At
high magnetic field the Er moment becomes larger (me=8.3 ps (Er atom)?). This ferri-
ferromagnetic transition originates from the application of a magnetic field surpassing the Er-
Fe interaction, and occurs at a relatively low field (7.5 (5) T) compared to other compounds in
the literature. Indeed, in heavy rare-earth containing RE2TMz17 compounds the transition fields
required to induce a ferromagnetic alignment ranges between 40-50 T [5, 6, 17]. Hydrogen
absorption yields an increase of the interatomic distances between the Er and Fe atoms and
therefore a decrease of the strength of the Er-Fe exchange interaction. According to Tereshina
et al. [7], the reduced exchange integral Jre-re(y)/Jre-re(0) decreased linearly with the relative
cell volume (AV/V) and a larger reduction was found in REFe; hydrides (RE=Tm, Er, Ho)
compared to those of REzFe17 hydrides, as they absorb larger H/RE hydrogen content. For
example in TmzFe17Hy, the transition from ferrimagnetic to ferromagnetic state at 4.2 K occurs
between 30 and 57 T, [6, 7] whereas in the corresponding alloy the magnetization increases in
four steps and the saturation is not reached at 74 T [6]. In rhombohedral TmFe2H3.4, Brrans Was
only 10 T at 4.2 K and the ferromagnetic state was reached at 100 T, due to a strong anisotropy
of the Tm sublattice [8]. The cell volume of TmFe17Hy decreases of only 4.2 %, and that of
TmFeoHs4 of 24.1 %. Consequently, the reduction of the molecular field coefficient can be
estimated to be 20 % in TmaFe17Hy and 62 % in TmFe2Hz4. As in YosErosFe2Da, the cell
volume increase reaches 26.7 %, a large reduction of the Jer-re exchange interaction is therefore
expected. Interestingly this transition field observed in YosErosFe2Da2 is not very sensitive to

the Er content as it remains close to that observed in Yo.7ErosFes:Das.

The transition from the ferrimagnetic to ferromagnetic state can occur through different
ways: a demagnetization of the RE moments as proposed in [4, 6] or a rotation with constant
magnetic moment magnitude [18]. The Mt(B) curves of YosErosFe2Da1 cross at a value
corresponding to 2.mre suggesting a demagnetization of the Er sublattice with a minimum
around 8 T. In addition, the previous NPD results in Yo 7Ero3Fe2Da.1 isotype, have suggested a
demagnetization process of the Er moment, but the Erl and Er2 peak intensities were small and

it was difficult to fully conclude owing the low signal/noise ratio [9].

In the present study, the variation of Erl contribution versus applied field is more clearly

seen in the NPD patterns thanks to its larger Er content. All the NPD patterns measured at 2 K
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indicates the absence of additional Bragg peaks and shows a field dependence of the NF and
Erl peak intensities (Figs. 11-12). The field evolution of the NPD patterns reveals a progressive
decrease of the Er contribution down to about 6 T and an increase above with an Er moment
parallel to that of Fe as confirmed by magnetic measurements. Although the Er demagnetization
is not complete at Birans - there is still an Er contribution in the NPD patterns — this Ferri-Ferro

transition occurs through a possible reduction of the Er moment.

4.2 High temperature metamagnetic transition (T>38K)

The NPD pattern analysis at zero field, indicates that the Er sublattice orders below Te,
=50 K (Figs 9 and 12) whereas the AF line appears above 40 K, which means that there is a
small temperature range were the ferrimagnetic structure (Er moments coupled antiparallel to
all Fe moments) coexists with the antiferromagnetic structure (AFM dominated by the Fe
magnetic moments). The metamagnetic behavior observed above Twmo= 38 K, corresponds

therefore to a transition from an AFM to a FM state.

According to previous studies on YFez2Da4.2 (X=0) this transition is related to the IEM
behavior of the Fe sublattice. In these previous works [9, 16], the AFM structure has been
described as the alternance of two ferromagnetic layers with Fe moments perpendicular to the
monoclinic b axis and in opposite direction to each other, separated by a row of non-magnetic
Fe atoms. As in the monoclinic cell there are 8 different Fe sites with different number of
neighboring H atoms, it was shown that one Fe atom which is surrounded by 4.7 D neighbor
atoms loses its magnetic moment at Tmo and form a nonmagnetic Fe row perpendicular to the
b axis. Such non-magnetic Fe atoms are found to be located at the Fe7 position (Table 2). Then
the shortest Fe-Fe distance between the 6 Fe atoms surrounding the Fe7 atoms becomes larger
(> 4.7A) and the coupling between their magnetic moments negative. Similar Fe sublattice
behavior is therefore expected in the case of YosErosFe2Da2. The remaining question is then
how the Er moments behaves at this AFM-FM transition. At low field the spontaneous
magnetization above Twmo is very close for YosErosFe2Da2 and YFe2Ds2 which suggests that
the Er moments do not contribute to the magnetization. Additionally no Er peaks are observed
in the NPD pattern in the AFM range, indicating that the Er moment are not ordered in the AFM

structure.

In YosErosFe2Da2 the IEM transition field Brrans increases linearly versus the

temperature up to 150 K, with a slope dB/dT =0.24+0.01 T.KL. Similar linear increase of Brrans
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has also been observed in HfogxsTao.17sFe2 Laves phase which displays also an FM-AFM
transition with Tmo= 195+0.05 K and dB/dT =0.13+0.01 T.K™ [19, 20].

For temperatures close to Twmo the Ferri-AFM transition is abrupt and is accompanied by
a cell volume increase. When T increases, the change of magnetic order occurs in a broader
range of temperature. According to NPD studies on YosErosFezDs2, the Néel temperature at
zero applied field is Tn =115 K, but metamagnetic behavior is still observed up to 150 K,
indicating that paramagnetic-ferromagnetic transitions are taking place above Ty (Figs. 3 and
4).

The shape of the magnetization curves indicates that the ferromagnetic state is not fully
reached at 35 T, but that a field-induced component of the Er magnetic moment aligned parallel
to the Fe sublattice should be considered to explain the evolution of the saturation
magnetization. Above Bans the combination of the molecular field and the applied magnetic

field should be sufficient to induce an Er moment parallel to the Fe moments.

Another feature of this metamagnetic transition is the sensitivity of Tmo to the cell
volume variation upon Er for Y substitution. Indeed, taking into account previous results on
Yo.7Ero3Fe2Da2, Tmo decrease versus the cell volume of the deuterides with a slope dTmo/dV=
7.7 K AL, This Er/Y substitution effect is comparable in magnitude but smaller than the 12.7 K
At value reported for YFez(H,D)s2 compounds [14] where the cell volume increase linearly
upon H for D substitution. The influence of the applied pressure on Tmo was examined for
YFe2Da42 and YFeaHas2 [21, 22]. Different dTmo/dV slopes were obtained for the deuteride and
the hydride, but they converged towards a critical volume Vc= 501.7 A3, below which the
ferromagnetic ground state was suppressed. The stabilization of an AFM ground state by
applying an external pressure of few tent of GPa has been observed in other Fe rich compounds
like RE2Fe17 compounds (RE=Y, Lu and Ce) [23, 24]. Er for Y substitution in YFe2Da4.2 can be
considered as a chemical pressure effect, and it can be expected that the ferrimagnetic state will
be suppressed for larger Er content. Nevertheless, the critical cell volume should be lower than
for YFez(H,D)s2 under pressure, as the cell volume of YosErosFe:Daz (V=496.6(3) A®) is
already smaller than V¢ and a linear extrapolation of Tmo=Ff(V) yields 492 A3 . This means that
the influence of Er for Y substitution on Twmo in not a pure chemical pressure effect, and that the

magnetic contribution of Er influence also the stability of the ferrimagnetic state.

Such relationship between magnetic ordering temperature and unit cell volume has been

observed in other systems presenting IEM effect, like in La(Fe,Si)1sHy [25, 26] compounds.

24



This relationship can be a consequence of a change of the density of state at the Fermi level
induced by unit cell volume expansion and possible modifications of the splitting of the
minority and majority band and/or the curvature of the Landau d band.

5. Conclusions

Combining magnetic field measurements with neutron powder diffraction, this
experimental study on YosErosFe2Da2 has showed the existence of two different types of first
order metamagnetic transitions depending on the temperature range. The first one observed at
low temperature is explained by a forced ferrimagnetic to ferromagnetic transition with a field-
induced reorientation of the Er moment parallel to the Fe one. The transition field is not very
sensitive to the temperature, and its low value (7-8T) compared to that of other Fe rich
intermetallics is attributed to the significant weakening of the Er-Fe exchange interaction due
to the 27 % cell volume expansion induced by the 4 D atom f.u.} insertion. This study confirms
the earlier results on Yo7ErosFe:Das2 and is in agreement with the assumption that strong
reduction of the RE-Fe interaction occurs upon H insertion.

Then, above Tmo=38K, a second AFM-FM metamagnetic transition is observed for
YosErosFe2Das. This transition is related to the IEM behavior of the Fe sublattice, with a linear
variation of Birans Versus temperature. Tmo and Brans are very sensitive to the Er content and the
significant unit cell volume change. It can be attributed to a strong magnetoelastic coupling.
The cell volume contraction observed at Timo confirms the itinerant character of the Fe moment.
At larger applied magnetic fields (> Birans), an Er moment is induced and forced to align parallel

to the Fe magnetic moment.

Further studies will be performed in order to have a more systematic overview of the
influence of Er content and of the (H,D) isotope effect on the magnetic properties of Yi.
xErxFe2(H,D)s.2 compound. It will be also planned to investigate the influence of the nature of
the substituted rare-earth element on both metamagnetic transitions. Indeed the strong lowering
of the RE-Fe interactions by a large hydrogen content insertion, will allow to study the forced

ferri-ferromagnetic transitions for heavy RE ranging from Gd to Tm.
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