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Magnetic properties of RgFe;5_ M, compounds and their hydrides
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The magnetic properties of varioBFe ;M ., compounds R=La, Nd, Gd, and Dycrystallizing in the
LagCo,,Ga; structure have been investigated by magnetic measurements and x-ray diffraction. It is shown that
all NdgFesM compounds withv =Au, Ag, Cu, Si, and Ga order antiferromagnetically around 415 K and
evidence is provided that the frequently reported, increase of the magnetization at lower temperature is due to
impurities. High-field measurements made at 4.2 K oy Ny, Fe;» /Ga 3 compounds witkk=0.0, 0.2, 0.5,
and 1.0 show that thB-Fe coupling is not yet broken at 35 T. A large hysteresis in the field dependence of the
magnetization is present in all compounds including;fey,Al 5, indicating the role of the Fe-sublattice
anisotropy. A theoretical model for the field dependence of the magnetization is constructed, based on local
minimization of the free energy. By taking into account the second- and fourth-order magnetocrystalline
anisotropy terms, the magnetization behavior of the compounds, including the large hysteresis, can be ex-
plained excellently. A structure of ferromagnetically ordered Fe sheets coupling antiferromagnetically to each
other is proposed to explain the experimental data. The hydrides of these compounds are all ferromagnetic
(light R) or ferrimagnetic(heavyR) and have an easy magnetization direction alongcttexis due to the
Fe-sublattice anisotropy. Their ordering temperatures are near 450 K, just slightly aboveetherhgerature
of the parent compounds, which can be understood from the proposed spin structure.
[S0163-182698)09617-9

[. INTRODUCTION sorb large amounts of hydrogen without any change in sym-

metry. From Mssbauer-effect experiments, they derive val-

The crystal structure of th®Fe;_ .M., compounds ues of the Fe moment, which are incompatible with
(R=rare earth was unraveled in 1985 by Sichevieh al’ magnetization measurements when full ferromagnetic align-
They have shown that Li&0;,Ga orders in a tetragonal ment .of the moments is assumeq. Hydrog(_enatlon pf the Dy-
structure with space groug/mcm Later, Allemandet al? substituted compounds leads to important information on the

have shown that NgFe,Si crystallizes as an ordered variant R-F€ coupling in the hydrides, while high-field experiments

of this compound. Both structure types are interesting from %&i” show possible metamagnetic transitions, which provide
n

technological point of view since their presence as seco rthgr |nS|ght.|nto the_ magnetic structure. A
phase in NdFeB-permanent magnets enhances the This paper is organized as follows. In Sec. II, we will give

s ) . . experimental details of our sample preparation and measure-
coercivity” The crystallographic structure is complicated ment techniques. Section Ill contains the successive experi-
with four different Fe sites and two Nd sites. TReatoms ques. b

ally th t the LL&ite) h inlv otheR at mental results of the magnetization measurements on four
(especially those at the IL8itg) have mainly otheR atoms series of compounds, all ordering in the dGo,,Ga; struc-

as nearest neighbors. This_ has inpluced gpegulations that jn.o type: NdFe M, Ndg_,LaFeAls, heavyR substi-
these compounds thef 44f interaction, which is normally  {teq and hydrogenated compounds. In Sec. IV a model is
much smaller than thef43d and 3-3d interaction, might  constructed, describing the field dependence of the observed
be of importancé. magnetization behavior. A spin structure is proposed in Sec.
A strong debate about the magnetic behavior of the ory, which explains most features of the §@0;,Ga; structure
dered variant has arisen. Claims about ferromagnetian,  type in a straightforward manner. Finally, the main conclu-
romagnetism with compensation poﬁ1t, and  sions are presented in Sec. VI.
antiferromagnetisf’® have been made. This controversion
has prompted us to prepare the compoundgiégM with
M=Au, Ag, Cu, and Si single phase as far as possible and to
reexamine their magnetic behavior. The compounds, each with a weight of 15 g, were pre-
Another point of discussion is the spin configuration atpared by arc melting starting materials of at least 99.9%
the different sites. Heuristic reasonig' and neutron- purity. After melting, the ingots were wrapped in Ta foil,
diffraction experimenfshave led to various configurations. sealed in an evacuated quartz tube and annealed for several
By introducing a small amount of Dighe RgFe;sM structure  weeks at temperatures ranging from 600 to 800 °C. The
is not stable for heaviR elementd in the compound NdgFe;s M;,, phase was shown by Grieb and Heitpr
NdsFe,, [Ga 5, we are able to obtain more information on M=Al and Mller et al!3 for M =Cu to form peritectically
the spin configuration of th® moments and their coupling from the melt. The compound witM =Cu is a line phase
to the Fe moments. with x=0 and a formation temperature as low as 600 °C.
Coeyet al have shown that alRgFe;sM compounds ab- This makes it extremely hard to prepaRyFe;sM com-

II. EXPERIMENTAL
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TABLE |. Preparation method&nnealing time/annealing temperature in °C/quenglzed crystallo-
graphic data and Mg temperature of th&;Fe;;_ M. alloys ordering in the LgCo,,Ga; structure. The
uncertainty in the lattice parameters is of the order of 1 pm anfi2 K.

11473

Compound Preparation a [nm] c [nm] V[nm?] Ty [K]
Ndg 1FeAu 2w/6004 0.8084 2.260 1.477 411
Ndg sFesCly 3 2w/550K 0.8111 2.230 1.467 419
Ndg JFe15Ad; 3 3w/600k 0.8117 2.276 1.499 415
Nd g 4F€,5Si; 3 3w/600k 0.8054 2.281 1.480 421
Ndg Fe sGa 2w/700 0.8072 2.295 1.495 433
Ndg JFe;,Ga, 2w/700 0.8092 2.298 1.504 373
Ndg JFe, Ga 5 3w/675 0.8077 2.298 1.499 417
Ndg iDYo. iFer, Ga 3 3w/675 0.8072 2.296 1.496 418
Nds Dy, Fer, Ga 3 3w/675 0.8071 2.295 1.495 418
Nds Dy sFerr Ga 5 3w/675 0.8071 2.295 1.492 418
Nds Dy, Fe Ga; 5 3w/675 0.8056 2.286 1.484 420
La;GdsFe Al 4w/600 0.8156 2.336 1.553 a
NdgFe Al 4w/600 0.8152 2.310 1.535 305
NdjLagFe;;Al4 4w/600 0.8183 2.349 1.573 273
LagFey Al 2w/8004 0.8220 2.382 1.609 230

o ordering temperature observable.

pounds single phase and we will show that almost all comfields up to 5.5 T, whereas above 300 K the magnetization
pounds reported on in literature are contaminated to a certanwas measured in a home-built magnetometer based on the
(sometimes largeextent. To prepare almost single-phaseFaraday principle, using polycrystalline lumps of material to
compounds, we have varied the composition of the startingrevent oxidation.

alloy and the annealing temperature. The best composition
and heat treatment are reported in Table | together with the
crystallographic data and magnetic ordering temperature.
The lattice parameters were determined by x-ray diffraction
using a Philips PW1800 with CK« radiation. In the next . o .
sections will be referred to the stoichiometric compounds In Fig. 1 we show the magnetization be_hawor above room
although the actual starting composition might be different[€Mperature for NgFe,,M compounds W'thM =AU, Ag,
Hydrogenation was performed at room temperature at a hy_c—:u’ and Si. AI_though the_ atomic concentration of Cu a_nd Ag
drogen pressure of 1.3 bar. The hydrogen uptake was calcl above 50/‘.’ N Fhe starting allofsee Table), no substitu-
lated from the weight difference with the unhydrogenatedtlon on Fe sﬁes is observetand the compounds formed are
compound for N@Fe,Ga. A lattice expansion of 2.9 very likely line compound_s of composition NEe M. All
%10~ nnP/H atom is observed. This value agrees with compounds s_how a cusplike anomaly around 415 K. Below
usual observations in intermetalifésand with findings of 340 K, th?fe IS a moderatew(_:Cl_J), smaII_(l\_/I =Au) or no
Leithe-Jaspeet al’® in RgFeys (M., compounds. For the (M=Ag) increase in magnetization, reminiscent of the re-

other compounds, the hydrogen uptake was calculated from

Ill. RESULTS AND DISCUSSION

A. NdgFe;sM compounds

the expansion of the lattice parameters compared to those of 10 Py,
their parent compounds using X203 nm*/H atom. For 08t 2 NdgFe;sM
RgFe;sM compounds witiM =Au and Ag, the lattice expan- ---Ag
sion is approximately 3:810 2 nm’/H atom(Ref. 19 and 08 + R + Au
this latter value was used for the determination of the amount 1 2 Cu
of hydrogen absorbed in these two compounds. The com- a\? ' A Si
pounds are automatically decrepitated due to hydrogen ab- E 06 -
sorption. After magnetic measurements, the lattice param- = 4
eters were reexamined to exclude the possibility of hydrogen 2087 AA et
desorption during the measurement. 0.4 ey o= === =\ ;++'++ﬁ+'..

The field dependence of the magnetization was measured ++++,;-..
in the high-field installation at the University of 0.3 1 B~
Amsterdam.’ The measurements were performed on free 02 } , } wy
powders which were sieved in a 40m sieve to assure that 300 350 400 450 500

the particles are single crystalline. The magnetization was
measured both in quasi-stationary fie(dsnstant during 0.1

s) as well as in fields increasing and decreasing linearly with FIG. 1. Magnetization versus temperature forJNeiM com-
time. Other magnetic measurements were made in a SQUIPounds, measured on polycrystalline bulk material in a field of 0.1
magnetometer in the temperature range 5—300 K in magnetit.

TIK]
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FIG. 3. Field dependence of the magnetic moment at 4.2 K of
sFeisM compounds wittM =Ag, Cu, and Si, measured on free-
powder material. The lines correspond with data taking during con-
tinuous sweeps with increasing and decreasing field. The symbols
correspond to data taken in quasistationary fields in decreasing
sults reported by Weitzeet al® However, forM=Au the field.

increase at 340 K is a factor of 10 smaller than in a sample of

the same composition, prepared by us edrkerd more than ~are therefore single phase with a clear antiferromagnetic or-
100 times smaller than in Ref. 5. Msbauer-effect measure- dering temperature as is shown in Fig. 2.

ments made on the sample with=Au have already shown  High-field measurements on NEe;sM compounds with
that magnetic ordering exists up to 420 Rhis excludes the M=Au, Ag, Cu, and Si are done on a different series of
ferromagnetic ordering proposed in Ref. 5. The fact that th&ompounds of stoichiometric starting composition. There-
magnetization near 340 K can be changed by a factor of 1040r€; they all show small amounts of NBe,; impurity

is a clear indication that this increase is not intrinsic to the(=<1 Wt. %), but in the magnetization versus field behavior
compound, but that it is due to a ferromagnetic impurity.the'r influence is limited. The results obtained on compounds

NdsFe,;, being the neighboring compound in the phase diaVith M =Ag, Cf;{ ang Si arefshong Fig'R&fThf meazure-
gram and having a Curie temperature of 326’Ks the ob- m((janFts reseRmf € _t ?se f L taQ t( eb ho an di
vious candidate. In fact, it can be shown that the presence &J 6 e1Au (Ref. 7): a two-step magnetization benhavior indi-
less than 1% of this phase is sufficient to cause the rise ifating a change from almost antiferromagnetic to full ferro-

magnetization in NgFe;sCu. Such small amounts can easily magnetic alignment. The ongin of the hys_tere_S|s will be. ex
escape detection by x-ray diffraction and $bauer spec- plained in Sec. IV. The saturation magnetization and critical
glds belonging to these steps are collected in Table Il. In

troscopy. These considerations prove that these compounﬁ1 : : . o
: ; behavior of NdFe,sSi, we see the “low” field transition
are antiferromagnetéor almost compensated ferrimagnets ¢ . U
gnetéo P an at 7.8 T. This agrees with the value found for the

with an ordering temperature around 415 K.
d P wetamagnetic-transition field by Allemared al? and BS"

The temperature dependence of the magnetization 5 - X
measured for NgFe,:Si is quite similar to the curve mea- of Yan et al”’ A transition at even lower fields as reported by
gthe latter authors is not visible.

sured by Yaret al® These authors consider their compoun ) i .
to be a ferrimagnet and the dip in the magnetization versus 1he Sample witiM =Au is easily saturated and the total
temperature curve is perceived as a compensation poirfl@gnetic moment at 28 T is 42:p/f.u. Assuming the Nd
Again, with this sample the increase of magnetization ignOment to have its free-ion value, an average Fe moment of
strongly dependent on the preparation. In the light of thesd-8¢s is derived. This is somewhat lower then data from
and the previous remarks, it is therefore much more likelyMossbauer spectroscaBy giving an average Fe moment of
that this compound is also an antiferromagnet with a small o o

amount of magnetic impurity. Assuming MBe,; to be the TABLE 1. Magnetlzatlon at 28 T_and crltlcal_ fieldd, and_Bz
impurity, the increase in the Curie temperature is understancflf NdgFe M C_Or_n_IOOI_JndSB Is d«_atermlned by takmg the maximum
able asR,Fe;; compounds are well known to show an en- In the susceptibility in decre_asmg field. The free-ion value for the
hancement of Curie temperature upon Si substitioFhe Nd moment has been used in the calculation of the Fe moment.
increase of magnetization afi¢:, being 399 K, would cor-
respond with the presence of approximately 0.5 wt. % of

FIG. 2. Temperature dependence of the magnetization at 0.1 -I(Id
of polycrystalline bulk material of Ngl,Dy,Fe;» Ga 3 compounds
with x=0 and 1.

M M [ug/f.u.] u [ng/Fel B, [T] B, [T]

Nd,Fe,¢Si in NdgFe;sSit° Such a small amount may even Au 42.52) 1.81) 4.7(2) 8.02)
escape detection by neutron diffractidit. is probably this Ag 41.22) 1.7(2) 5.1(1) 8.7(2)
solubility of Si in R,Fe;; that makes it so difficult to prepare ¢y 38.2(2) 1.41) 9.2(1) 18(1)
NdgFe sSi single phase. Because Ga can substitute Fe on the g; >32 =1 7.41) >20
161, site, some excess Ga can be added that prevents thegg 41.92) 1.7(1) 7.7 16.92)

presence of impurities. The compoundsgNgDy, Fe;, Ga; 5
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FIG. 4. Temperature dependence of the magnetization of the FIG. 5. Field dependence of the magnetic moment at 4.2 K of
compounds Ng_,LaFe,Al; with x=0, 3, and 6 showing the free powder of LaFe;Al;. The line corresponds with data taking

Neéel temperature. Measurements were performed on polycrystallinguring continuous sweeps with increasing and decreasing field. For
bulk material in a field of 1 T. the meaning of the symbols see figure.

2.0ug at low temperatureferived from the hyperfine split- from Mossbauer-effect spectroscof808 K (Ref. 22]. For
ting using a conversion factor of 1.4844 (Ref. 2)]. For  decreasing Nd concentration theé dléemperature decreases
the other compounds, the magnetization is considerablyapidly andTy=230 K forx=6. Local fluctuations in La/Nd
lower, while Mossbauer spectroscopy indicates an Fe mo¥atio may be responsible for the shallowness of the maxi-
ment independent of th®l atom. It is possible that thi mum for x=3. For Nd;LagFe;Al;, a further decrease in
atom is responsible for a deviation of the magnetic momenmagnetization is seen around 350 K in lower fields, which
of the Nd-ion from the free-ion value. Neutron-diffraction we ascribe to NdFe;;_,Al, impurity. For LagFe;;Al 3, some
experiments give indeed very low values of Qu5/Nd for ~ magnetization remains present abdyg which corresponds
NdgFe;sSi at room temperature. It is, however, also possibleo about 2 wt. % ofx-Fe (La,Fe;; does not exist

that even forM=Au and Ag higher fields are needed for  The field dependence of the magnetization ofEe;Al;
complete saturation magnetization. has been measured by H al® who found no hysteresis.

For M=Au and Ag, the magnetization is saturated in These authors conclude that the absence ofRusyblattice
fields below 20 T, which means that the antiferromagneticanisotropy is responsible for this. The hysteresis in the other
coupling between the sublattices is very weak. Fo=Si  compounds is explained by pinning of narrow domain walls
and Cu, the low-field susceptibility is considerably lower, which is due to the strong crystal-field-induced anisotropy of
indicating a stronger, although still weak, coupling betweerthe R sublattice. Calculations of lét al® show indeed large
the sublattices. Besides its influence on the reduced magneecond-order crystal-field coefficients for bd@sites. We
tization of theR moments, théVl atom has therefore also an also measured this compound in high fields, and Fig. 5
impact on the strength of the antiferromagnetic couplingshows that the results are completely different from the re-
The origin of this impact will be discussed shortly in Sec. V. sults of Huet al.

With increasing field, a metamagnetic transition near 6 T
to full parallel alignment is found. When the field is de-
creased a very large hysteresis is present. To confirm that the

While the Nel temperature is not influenced by the kind hysteresis is intrinsic to the compound and not due to the
of stabilizing atom, it is strongly influenced by its concentra-large sweep rate in the high-field experiments, we also mea-
tion, as can be seen from the compounds with increasingured the magnetization in a SQUID magnetometer. When
Ga-concentratior{Table ). Both dilution and reduction of the maximum field is below the metamagnetic transition, as
the Fe moment due to mixing ofd3states with valence- is the case in our SQUID measurements and the vibrating
electron states of Ga are responsible. In Ref. 10, it is reportesample magnetometéVSM) measurements of Het al,’
that substitution of La for Nd in NgFe,,G& leads to a small there will be no hysteresis in decreasing field. However,
decrease of the ¢ temperature. when the sample is cooled from room temperature to 5 K in

In RgFe Al compounds RsFe ;Ga; compounds do not  a magnetic field of 5 T, the magnetic data agree perfectly
exish, the intra Fe-sublattice interaction is further decreasedvith the high-field measurement in decreasing field. This is
and the importance of th® elements in determining the because the transition field for ferromagnetic alignment is
ordering temperature is even more evident. This can clearlgero at the ordering temperatut@30 K) and the sample
be seen in Fig. 4, where the temperature dependence of tleeoled in a magnetic fieldfd T is therefore already satu-
magnetization is displayed for Nd,La,Fe;;Al; compounds  rated. From these measurements it can be concluded that the
with x=0, 3, and 6. The Na temperature is discernible as Fe moments are ordered in at least two antiferromagnetically
the maximum in the magnetization. The value of 305 K de-coupled sublattices and that the hysteresis is also due to the
rived for x=0 is in good agreement with the value found Fe-sublattice anisotropy. In Sec. IV, we will show that the

B. Ndg_La,Fe;;Al; compounds
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FIG. 6. Field dependence of the magnetic moment at 4.2 K OffregI;w?d.e'rzl(ﬂdngigglere gfytmhEo?;aggrergzprgr?(;nteomdZ:aﬁiklénOf
free powder of Ng_,Dy,Fe;,-Ga 5 compounds withx=0, 0.5, e

and 1.0. The line corresponds with data taking during continuoum quasistationary fields in decreasing field. The line is a linear fit to

sweeps with increasing and decreasing field. Symbols correspond oe data, based on EG.7).
data taken in quasistationary fields in decreasing field.
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smaller than 13,85, which is expected when all Dy mo-

experimentally observed magnetization behavior can be wethents are antiparallel aligned to the Fe and Nd moments and
understood in terms of a theoretical model based on locahe applied field. Because the susceptibility at 35 T is ap-
minimization of the free energy. The hysteresis can be exproximately zero for both compounds, it is not likely that a
plained by taking into account the second-order magnetorotation of the Dy moments is already occurring. Taking into
crystalline anisotropy of the Fe sublattice only. account the crystal structufé,an explanation is proposed:

A rather similar field dependence of the magnetization ighe 8f R site has 12 Fe nearest neighbors and a strong cou-
found in LaFg5 ,Al, compounds with &£x=<1.8 by Palstra pling to the Fe moment might not be surprising. Thé 15
et al?* (note the much smaller amount of LaThis cubic  site, on the other hand, has only 4 Fe and 8 othérsités as
compound is also an antiferromagnet with ordering temperanearest neighbors. It seems therefore possible that only the
ture around 190 Kan unidentified anomaly at 230 K may moments at the Bsite are strongly coupled to the Fe mo-
well correspond to the LgFe;_,Al,., phasé At 4.2 K, a ments, while the ions at the lL&ite behavealmos) para-
field of 4 T is required in increasing field to induce a meta- magnetically. To agree with the experimental results, this
magnetic transition from antiparallel alignment to parallelproposal requires a strong preferential occupancy of the 8
alignment, while in decreasing field the transition appears asite by Dy, which is possible because thé §ite is much
only 0.6 T. These authors show that the transition is accomsmaller than the 16site.
panied by a large forced volume magnetostriction of almost A most important feature of the Dy- and Gd-substituted
1%. This might cause the observed hysteresis, but it is posompounds is the unchanged magnetization of abput &
sible that the hysteresis in these compounds is also due to thero field. Whether the 16site moments are paramagnetic,

magnetocrystalline anisotropy of the Fe sublattice. antiparallel, or parallel to thef8site moments, the zero-field
magnetization would have been altered significantly com-
C. Substitution of heavyR elements pared to the compounds witk=Nd. (Only when exactly 2/3

To study the influence of thR sites on the magnetization, Of. the Dy and Gd atoms substitute at thta_sSte, antipargllel_
alignment would not change the zero-field magnetization.

titut h I ts, D for Nd. > . -
\I/:vizusrlébsflsu :r?O\S/\(/)smetheeaﬁ/:gigtei}znafi’ony ggﬁa(\?i((j)'r o(r)f dtheTh|s is very unlikely to be true for the whole substitution
Ndg_, Dy, Fe;, Ga s compounds withx=0, 0.5, and 1.0 and rangex=0.5, 1.0, and 3.0.We therefore propose a different

Fig. 7 shows the behavior of L&dFe Als. At 35 T, the magnetic structure: the moments at thieBte are arranged

magnetization of the Dy-substituted compounds is still lower o B )

than of the parent compoun@able Il). As the free-ion TABLE _III. Magnetlzatlon at 35 T and critical fields measured
moment of Dy is much higher than of N@lOug and 1 decreasing field of Nel,Dy,Fe, Ga, ; and La_,GdFeAls
3.28ug, respectively, it is clear that full parallel alignment .Compounds' T.he free-ion values for tRRamoments have been used
of the moments is not reached in the Dy-substituted com-" the calculation of the Fe moment,
pounds. This means that tiieFe coupling, which is ferro-

magnetic for lightR and antiferromagnetic for heaw-ele-

Compound M [ug/fu] wlug/Fel By [T] B,[T]

ments, as explained by Campb%rﬁs strong in theRgFe M x=0.0 41.62) 1.7(1) 5.81) 14.1(2)
compounds as it is in oth&-T compounds. This contradicts x=0.5 37.52) 1.91) 6.71) 17.82)
assumptions of weak coupling to the Fe sublatfider even x=1.0 32.42) 2.1(1) 9.2(1) >20
“non-Campbell” type couplingz.6 y=0.0 18.91) 1.7(1) 2.91)

The difference in magnetization at 35 T between y=30 >8 =1

Nds_,Dy,Fe» Ga swith x=0 and 1 is 9.2y, significantly
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TABLE IV. Crystallographic and magnetic data of the @5 .M, hydrides(LagCo,,Ga; structure;
space-group4/mcm). M is magnetization at 5 T. The uncertainty in the values of the lattice parameters is

of the order of 1 pm.

a c \Y, dv M Te
Compound [nm] [nm]  [nm®] [nm3] y EMD  [up/fu] [K]
NdeFelaAtu 0.8084 2.527 1.651 0.174 15 4115
NdgFeAgH, 0.8198 2535 1706 0207 18 EA 368 (487
NdgFey Gay H, 0.8136 2521 1668 0.169 15 EA 4@l 458
NdsDyoFe,GaH, 08127 2522 1665 0170 15 EA 38 460
NdssDyosFe, GaH, 08112 2518 1657 0165 14 EA  3@B 455
Nds Dy Fe,GaH, 0808 2517 1642 0158 14 EA 305 441
NdgFe Al 3Hy 0.8165 2.521 1.681 0.146 13 EA 38lH (428
NdsLagFeyAlH, 0.8264 2581 1.763 0.190 16 EA  27B 442
LaBFellAlgHy 0.8291 2.604 1.789 0.180 16 EA 21y (444

such that half of the moments point up and the other halfotals 2.9<10"2 nm®/H atom as is explained in Sec. II. For
down. In Sec. V, it is explained how such a spin structureNdqFe,, {Ga ,, Yartys et al?® find 20 hydrogen atoms/f.u.
may arise. Whether the spontaneous magnetization of abothis significantly higher value indicates that the hydrogena-
2up/f.u. is intrinsic to theRsFe;sM compounds remains  tion reaction at room temperature may be incomplete.
questionable. The magnetization behavior displayed in Fig. 8 shows
that all hydrides with light or nonmagnetit elements show
ferromagnetic behavior as previously reportéd?® For
LagFe;AlsH 6, the Fe moment can be unambiguously cal-
aqulated to be 2.i4g, much higher than the 1ug in the
arent compound. Assuming the same Fe moment qf 2.1

n NdgFe;;AlsH 3, a Nd moment of 1.8z is derived from
the experimental data. In N&e;3AuH,5, an average Fe mo-
ment of 23mg is found in Mdassbauer-effect
rgeasurementjé.Taking this value for the Fe moment, again,
a Nd moment of 1.85 is required to fit the magnetic data.

: . . e may therefore conclude that the hydrogen absorption re-

pared these hydrides. Crystallographic and magnetic data (\)ﬁlﬁces the Nd moment by a fairly large amount. The even

all compounds are collected in Table IV. All compounds are ower magnetization in NgFe,;Aghlg is probably due to a
. : ( 18
hydrogenated without any external heating. However, the tE?bfurther reduction of the Nd moment as this compound has

sorption reaction is exothermic and the released heat in-
creases the temperature of the sample, further stimulating t%bsorbed more hydrogen than the compound WithAu. It

reaction. During the reaction, the temperature increased t: as zeenthsél‘;ggﬁstetd t??r: th(te alt)sr%rbed hydrogen is firmly
approximately 100 °C. The amount of hydrogen in the com- ound in SNeets ot e SIUCIUTE.

. . : . . The magnetization behavior of the hydrides in which Nd
pound is determined by assuming that the lattice expansion partly replaced by Dysee Fig. 9 shows a decreasing

D. Hydrides

It was shown in 1994 by Coesgt al* thatRgFe;sM com-
pounds absorb hydrogen without any change in the cryst
symmetry and structure type. This work was extended b
Leithe-Jaspeet al® In the present work we have hydroge-
nated compounds in which the ligRt-elements Nd and Pr
are replaced by the nonmagnetic La or the heBvpy. Be-
cause no low-temperature magnetization data are availab
for RgFesM hydrides withM=Au and Ag, we also pre-

35

40 + . . oo

T 2 3
- M
] 2
= 15 -=—x=6 =
- x=3
10 —o—x=0.0
—o—x=0 10 - Nds. Dy Fe12.7Ga1.3H
Nds.xLa,Fe1 1 A|3Hy xx ’
5 571
0 4 ‘ . ‘ . . 0 . 1 . ’ ‘
0 1 2 3 4 5 0 ! 2 8 4 ° ®
BT B[T]

FIG. 8. Field dependence of the magnetizatiors &« for free FIG. 9. Field dependence of the magnetizatiorb & for free
powders of Nd_,La,Fe;;AlH, compounds. The lines are guides powders of Ng_,Dy,Fe;, Ga H, compounds. The lines are
to the eye. guides to the eye.
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FIG. 10. Field dependence of the magnetization at 4.2 K of free  FIG. 12. Temperature dependence of the magnetization at 0.1 T
powder of Nd,Dy, JFe;, Ga, 3 and Nd;Dy; e, Ga Hy,. Line of Ndg_,Dy.Fe, Ga Hy, compounds withx=0, 0.5, and 1.0
through the data points on the latter sample is a guide to the eyeshowing Curie temperature and possible spin-reorientation tempera-

) o o . _ ture. Data below 300 K are on free powder, above 300 K on poly-
saturation magnetization with increasing amount of Dy. Thisrystalline bulk material.

indicates that, as in the parent compounds, the h&avy-
moments are antiferromagnetically coupled to the Feerrimagnetic heavR-Fe compounds, the antiferromagnetic
moments. The high-field measurements made OIR-Fe coupling is rather strong and hysteresis due to the mag-
Nds oDy; oFer» Gag dHis, plotted in Fig. 10, do not show any  netocrystalline anisotropy is just a small effect. However, the
transition, but a Steady increase in magnetization, which maantiferromagnetic Coup“ng in thQGFel3—XMl+X com-
pe due either to the rotation of the Dy moment or to aNpounds R is nonmagnetic or light rare eajtis extremely
increase of the reduced Nd moment. . weak. In these compounds, the magnetocrystalline anisot-
The compounds were all magnetically aligned and thegpy plays therefore an important role in the determination of
easy magnetic directiofEMD) was determined by x-ray dif- the magnetization behavior, leading to large hysteresis. We
fraction. All compounds show a clear easy-axis anisotropywill show that a model based on local energy minimization is
an example of which is given in Fig. 11. Because alsogple to reproduce the measured curves in an excellent way.
LasFej;AlsH 6 has easy-axis magnetization, it is clear that  zhapet al?® have calculated the field dependence of the
the room-temperature anisotropy is due to the Fe sublatticenagnetization for single crystals that are free to rotate in the
An increase in magnetization at lower temperatures as showgpplied field, using a global energy minimization in a two-
in Fig. 12, may indicate a spin-reorientation transition fromsyplattice model. In the case that both sublattices have easy-
easy-axis anisotropy at room temperature to easy-plane aptane anisotropy, the rotation of the magnetization takes
isotropy at cryogenic temperatures, but could not be conpjace within the basal plane and the magnetic anisotropy will

firmed by x-ray diffraction. not appear in the energy expression. In the case that one of
the sublattices has easy-axis anisotropy and the other an ar-
IV. CALCULATED MAGNETIZATION bitrary type of anisotropy, the rotation of the magnetization

All Compounds show considerable or even very |arge hysyeCtor-S isina Single plane intersecting thEXiS.so Then, the .
teresis in the magnetization versus field behavior. In mostollowing expression for the total energy of the system is

valid:
1

0.9 1 0010 E=KR sir? +K5 sin* 6+ K& sil® +K] sir?(6+ a)

Zj T NdsLasFe;AlsHg +KJ sirf(0+a)+ngrMgM1 cosa—BM, )
2o6 M=MZ&+MZ2+2MgM cOS 2
305+ _ .

8 008 with 6 the angle betweeM g and thec axis anda the angle
=047 betweenM r andM+. The two sublattices are label&land

0.3 + T, but we wish to stress that these need not necessarily rep-

02+ oo 0012 0016 0020 resent the rare-earth and transition-metal sublattice. Zhao

.l n o014 N " et al?° have used Eq1) to calculate the global energy mini-

oL - “ oA A mum and the associated angles and magnetizdfioas a

function of applied fieldB. It is clear that in calculations
based on global energy minimization, no hysteresis will ap-
pear. However, the magnetic anisotropy may cause energy
FIG. 11. Room-temperature Qe x-ray-diffraction pattern of  barriers, which prevent the rotation of the magnetization to
a magnetically aligned Ngd.asFe;,Al3H,6 sample. the global minimum. We therefore have extended the model

10 20 30 40 50 60 70 80
20
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FIG. 14. Calculateddashed and experimentaffull) magnetiza-
tion behavior at 4.2 K on free powder of jie;;Al; in increasing
and decreasing field. The parameters used for the calculation are
given in the figure.
by calculating the local minimum as a function of the applied
field. This is schematically represented in Fig. 13. 0.7 MJ/n? in La,Fe,,B. The derived value for the antiferro-
Starting from the global minimum in zero field, we have magneticger« coupling is very small as expected from con-
increased the field and calculated the energy around the zetgjerations made in the former section.
field minimum by varying the two independent parametérs, When, as in the SQUID and VSM measurements, the
anda. When the energy in a neighboring point is lower, this maximum field is lower than the transition field, measured
point is taken as the new starting point and the procedure igith increasing field, no hysteresis will occur. By introduc-
repeated. When all neighboring points have higher energying more anisotropy terms and by allowing the sublattices to
the point is considered to be the local minimum. The neighthave independent parameters, the fit to the measured curve
boring points are chosen to be 0.2° apart. Because of thgill of course increase, but the improvement will be mar-
smoothness of all energy terms involved, there is no risk ofinal. It should be noted that introducing ferrimagnetic sub-
missing the descend to the local minimum. This methodattices leads to a spontaneous magnetization. However, it
leads very easily and efficiently to the local minimum. Thealso leads to zero susceptibility at low fields, not in agree-
steps have the effect of a small activation energy whichment with the measured curves. For the compounds with
causes the rotation of the magnetization to happen fractiormagneticR elements instead of La, the magnetization curves
ally earlier than results from a steepest-descend methogre far more complicated as can be seen in Figs. 3 and 6. We
would give. Because the local minimum is calculated, thecan nevertheless reproduce the magnetization behavior in
magnetization in increasing field may differ from the mag- mostR4Fe 5 M., compounds rather well by allowing one
netization in decreasing field. Whenever a first-order magnegplattice to have easy-axi&A) anisotropy K;>0) and the
tization process appears with increasing field, the calculatiogther easy-planeK;>0/\K;+K,<0). The parameters in
will show hysteresis between the increasing- and decreasinghe calculations of Fig. 15 are chosen such that the magneti-
field curve. The size of the hysteresis depends on the anisojxtion curve resembles NBesAU. The two-step magnetiza-
ropy terms. tion behavior including the shape of the hysteresis can thus
In the next section, we will propose a spin structure forpe explained by a two sublattice model. From sébauer
the RsFe;3 <M. compounds, consisting of Fe sheets anti-spectroscopy it is, however, concluded that the Fe-sublattice
ferromagnetically coupled to each other. Thén Eqs.()-  moment in NcFe .M compounds with =Au, Ag, and Cu
(3) should therefore be read as Fe, d&Rds Fe and both jies in the basal plane both at room temperature and®5rK.
sublattices will have the same magnetization and anisotrop){he case that a” Sub'attices have basa| p|ane anisot“@py (
Figure 14 shows the magnetization behavior ogE@Al;  <0/AK,+2K,<0) no hysteresis is expected at all, except
shown earlier in Fig. 5, but now together with the calculatedyhen the anisotropy depends on the magnetization direction

magnetization. Besides an offset of 4gf.u. which is likely  within the plane. In that case, the energy of the system is
due toa-Fe impurity, only three free parameters have beenyiven by

used to produce the calculated curve. The magnetization of

the sublattices, the antiferromagnetic exchange coupling, and — K, cos 4+K], cos 40+ a)+ngiMgM1 cosa—BM

the second-order anisotropy constiit The sublattice mag- 3
netization of 8.5 corresponds to 1.58;/Fe (corrected for

the amount of impurityin good agreement with the value of with # now being the angle between theaxis andM g and
1.60ug/Fe inferred from Mssbauer-effect spectroscopy. a« still the angle betweeiViz andM+. Assuming this to be

The value of the anisotropy constant corresponds to 0.fhe case, the measured magnetization curves can be repro-
MJ/m?, which is a physically realistic value for Fe-sublattice duced even in the case that both sublattices are identical. A
anisotropy in intermetallics, comparable with, e.qg.,calculated magnetization curve of this kind is also plotted in

FIG. 13. Schematic representation of the free energy versus
angle of magnetization for two different applied fields, showing the
difference between global and local minimization.
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0 5 1; 15 20 two-sublattice model yields an extremely weak antiferro-
m magnetic coupling strength of approximately 0.4 Tfug./

FIG. 15. Calculateddashetiand experimentaffull) magnetiza-  F"0M the heavyR-substituted compounds, it follows that the
tion behavior at 4.2 K on free powder of IyBesAu in increasing ~ R-Fe coupling is rather strong; both in the parent compound
and decreasing field. Cun8) is calculated using an easy-axis and and the hydride, the Dy and Fe moments are still antiparallel
an easy-plane sublattice. Cur¢B) has two identical sublattices at 35 T. We also suggested that tReatoms at the 8 site
with planar anisotropy. The parameter values and units are disgstrongly coupled to the Fe momehtsave half the moments
played in the figure. An offset of s has been included in both up and the other half down, while the I16ite moments are
calculated curves. paramagneticl/A weak antiferromagnetidR-R interactions

between the l6site moments would explain the second an-
Fig. 15. In both calculated cases, a high-field jump in in-tiferromagnetic ordering found in NgFe ,.Ga at 23 K(Ref.
creasing field is necessary to create hysteresis. However, thi$).]
jump is not visible in most of the measured curves. This is The results discussed so far, very much favor the spin
most likely due to the smearing out of the transition fields, asstructure as proposed by Kajitagii al:® The Fe moments in
was also observed for Lsfe;;Al;. Nucleation of reversed the sheets around=0 and 1/2 are strongly ferromagneti-
domains at points with higher local demagnetization orcally coupled, whereas the coupling between the Fe sheets is
smaller local anisotropy will, as in permanent magnets, reantiferromagnetic across tié layer atc=1/4. In this struc-
duce and smear out the sharp transitions in these compoundsre, theR moments at the Bsite will couple in the usual
The calculations show that very complicated magnetizatiorfferromagnetically for lighiR, ferrimagnetically for heavy-
behavior can be understood in a simple model of minimizingR) way to the moments of the Fe neighbors. Fhenoments
the local energy in a two-sublattice model. With a few pre-at the 16 site may be weakly or not at all coupled to the
cautions, this model can be extended to incorporate a thirdther moments. This is schematically represented in Fig. 16.
independent angle. In that case, no restrictions on the easyhis proposed magnetic structure would be rather similar to
axis of magnetizatiotEMD) of the sublattices are required. the one found in YMnGe, compounds!®? Recently
neutron-diffraction experiments on Erf@e; also suggest
ferromagnetic Fe sheets, which couple antiferromagnetically
across the layet’ Because of the large distance between the

From Sec. Ill, a number of conclusions about the ex-Fe sheets%8 A) as comparedat4 A in ErFeGe; and 2.8
change interaction may be drawn. As dE#;,Al; has also A for the Mn sheets in YMpGe,, this structure seems un-
almost no net magnetization, it is clear that the Fe sublatticekely at first view. It is nevertheless appealing as it explains
are coupled antiparallel. Fitting the measured curves with anany features.

V. SPIN STRUCTURE
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First of all, this structure explains the very weak nature ofsuplattice interaction, antl.r« >0 antiferromagnetic inter-
the antiferromagnetic coupling, hereafter named interlayesublattice interaction. For Lgre;;Al;, the Neel temperature
coupling Neerg - From the magnetization curve of of 230 K corresponds Withnperet Npepe =74 T f.UJug
LagFe;Al; in Fig. 5 a value ofngerg =0.4 T f.U/ug IS  whereaqperq is only 0.4 T f.u.jug. The ordering tempera-
derived. It also explains the low susceptibility in ture is therefore completely determined by the strength of the
GdsLagFe Al3 in Fig. 7. In the case of antiferromagnetically intrasublattice interaction. The type bf atom does have a
coupled Fe sublatticesMge=Mpe =Ms rd2) and neglect-  |arge influence omer« as can be seen in Fig. 3. Because
ing anisotropy, Eq(1) reduces to the 4a M site is located between the Fe sheets, it may easily

2 change the interlayer coupling, which is responsible for the
E=nNfere MEe COSa—BM, (4 antiferromagnetic interaction. The intralayer couplimgr,
with M =M /2% 2 cosa. Minimizing this equation with IS Not expected to be influenced a great deal byMhatom.
respect tow gives It is therefore clear that a change in the |r_1terlayer-coupl|ng
strength by theévl atom will have almost no influence on the
ordering temperature. This agrees with the experimental ob-
(5) servations that the ordering temperature is almost indepen-
NFeFe dent of the type oM atom(see Table)l

By hydrogenation of the compound, an enormous expan-
sion of the lattice occurs along tleeaxis, while the expan-
sion in thea direction is very limited. This increase of the
interlayer distance may lead to the disappearance of the an-
tiferromagnetic interlayer coupling similar to the case of
RMn,Ge, compounds, where the interlayer coupling changes

_ sign above a critical distance. With:.r¢ <0, the hydroge-
M=[Mge—Mgd V2+2 cose ©®  Lated compounds become ferromagnetic. The Curie tempera-
with Mgg=M; c42=10.5ug . Minimizing Eq. (4) with M ture of the hydrides is, however, still given by E&). The

M/B=

As the coupling between the and the Fe momentsze,
is so much larger thang.c« , Wwe may assume that tfieFe
coupling is rigidly parallel(light-R) or antiparallel(heavy-
R) at any feasible field. The magnetization of the Gd-
substituted compound may then be approximated by

given by Eq.(6), leads to Curie temperature of the hydrides should therefore be
roughly equal to the N& temperature of the parent com-

(Mpe—Mga)? 1 pound. An increase of the Fe moments upon hydrogenation,

M/B= 2 : (7)  as is derived both from magnetic measurements and from
Fe NFere Mossbauer spectroscdbwill, however, lead to an increase

Thus, with an unchangetk.r. a much smaller suscepti of the ordering temperature. This effect is especially large for
y eFé - . . . .
bility is expected and is also experimentally found. Using the;:f;ﬁlﬁﬁ:;aa; tthheeOgg_eég?niggzgit%ﬁ n ;\leuco_mpotjc?d 1S
Fe moment (8.5g) andng.ea Of the fit to LagFe 1Al 5, the y Y. o

fit to the experimental curve of GilagFe Als in Fig. 7 remain constant, the increase in Fe moment from 1.6 to 2.1
givesMgg= 6F.)2i 0.5ug or 10.8-0.5ug .SBglt?l Si)lutiong.can #g Will lead to a Curie temperature of the hydride of 380 K,

. . reasonably close to the experimental value. For the other

have a physical explanation. When only thiestte moments : .
g compounds, theR-Fe should be incorporated in Eg8),
couple to the Fe moments, a preferentially and almost com- _ . : :
. o which will reduce the effect of an increased Fe moment. For

plete occupation of this site by Gd would lead to the formert e Ndy_,Dy,Fe,, Ga s compounds, the increase in order
value. The latter value corresponds to the case that the GH —xYx €2 7158 3 P ’
Ing temperature is only from about 418 to 455 K.

moments at both sites couple antiferromagnetically with the The proposed model of antiferromagnetically coupled Fe

moments of the nearest Fe sheet. It should be noted that thi%eets rovides a rather straightforward explanation of the
does not lead to a compensation point in the temperatur% P g P

dependence of the magnetization, because each ferrimagneﬁ)épe”memal results. The calculations presented in both this

- . . . section and Sec. IV show that the magnetization curves are
sublattice is coupled antiferromagnetically to its counterpart; Il reoroduced. However. the model provides no exolana-
Both schemes are therefore possible and the measuremeli{l‘f(;gn forahe zero-'field ma n’etization A possibilit mentirc))ned
are not able to distinguish between them. The low suscepti 9 AP y

" 4 - . .
bility of Gd LagFe Al is, however, in both cases a neces-lby Coeyet al.” is the appearance of stacking faults in the

) form of extra planes of Fe atoms. It is also possible that a
sary consequence of the proposed spin structure. The sam . o

) . . Slightly canted structure or impurities cause the spontaneous
mechanism also applies to the Dy-substituted compounds in

Fig. 6. It explains the smaller susceptibility and higher tran_magnetlzauon. Neutron-diffraction experiments are neces-

sition fields in the magnetization versus field curves of the’2"Y o provide a definite answer on the spin structure.

substituted compounds compared with the parent compound

NdgFe,, Ga 5. VI. CONCLUSIONS
In mean field theory, the ordering temperature of an inter-

metallic compound with two identical sublattices may be

written in the following form3*

It is shown that all N¢gFe M compounds withM =Au,
Ag, Cu, Si, and Ga order antiferromagnetically around 415 K
and that the, frequently reported, increase in magnetization at
lower temperature is due to NBe,; impurity. Fields of 35 T
Te=CrelNreret [Nrere | ®  are not enpough to break thewariligerrgmag;/netic alignment be-
with Cr the Curie constant of one sublattice. The sign contween Dy and Fe moments. THeFe couplingngg, is of
vention is such thang.-e>0 means ferromagnetic intra- ‘“normal” strength and sign for the Bsite and maybe for the
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16 site too. The almost compensated magnetization at zeralso be well understood within the two-sublattice model. The
field in the heavyR-substituted compounds indicates that thehydrides are all ferromagnetidight-R) or ferrimagnetic
moments at bothR sites have zero net magnetization. Hys- (heavyR) with ordering temperatures near 450 K, whereas
teresis in the field dependence of the magnetization ithe R ions have a reduced moment due to the hydrogen ab-
LagFe ;,Al; shows a significant Fe anisotropy to be presentsorption. It is shown that within the proposed interaction
A spin structure with ferromagnetic Fe sheets mutually antischeme the Curie temperature of the hydrides must be ap-
ferromagnetically coupled is proposed to explain the experiproximately equal to the Mg temperature of the parent com-
mental results. A model for calculating the minimum energypounds.
in a free powder consisting of two sublattices has been ex-
tended to the calculation of the local energy minimum. This

leads to magnetization curves with hysteresis due to the mag-
netocrystalline anisotropy. The magnetization behavior of This research was carried out partly at the Philips Re-
LagFe;;Al; can be excellently reproduced. The more compli-search Laboratories in Eindhoven and has been financially
cated behavior of the compounds with magn@&ions can  supported by the Dutch Technology Foundati&iT.W).
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