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Abstract

The Mossbauer spectra of Mee;sAg and NgFe sAgH;3 have been measured between 85 and 295 K and analyzed with a model that takes
into account the basal magnetic anisotropy, the iron and hydrogen near-neighbor environments of the five crystallographically and magnetically
inequivalent 4, 16k, 16K, 16, and 16, iron sites in the former and the six crystallographically and magnetically inequivaleh6id 16k,

16l;, 16,_; and 16,_, iron sites in the latter, where the additional site results from a predominance of hydrogen as near-neighbors on the iron
161, site. The increases in hyperfine field and isomer shift observed upon hydrogenation are in agreement with the increase in Wigner—Seitz
cell volumes of each site and the changes in the near-neighbor environments.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction occupies four crystallographically inequivalent sites, the 4
16k, 16, and 16, sites, with 12, 10, 9, and 7 iron near
During the extensive search for new magnetic materi- neighbors, respectively; surprisingly, the iron sites have no X
als for use in hard permanent magnet applications, a newnear-neighbors.
ternary rare-earth-iron-metal phase, of general stoichiome- The magnetic properties of gRej3X with various X
try RsFeisX, where R is typically a light rare-earth and X elements have been studi¢8-9] and the properties of
is a metal, such as copper, silver, or gold, or a metametal, NdgFe;3Si have proveii3,8,10,11]to be unusually interest-
such as silicon or germanium, was identifigg2]. These ing because it exhibits a magnetic spin reorientation upon
compounds crystallize in the e 3Si structurg3,4], with cooling below 110 K. Because of the spin reorientation ob-
the 14/mcmtetragonal space group, a structure which con- served in N@dFe 3Si, it is essential to have a good under-
sists of successive€, B, A;, S Ay, B, C,... layers which standing of the Mdssbauer spectra of the variousgNe; 3X
are perpendicular to the tetragomahxis, layers that make  compounds. Fortunately, there have been several very useful
up one-half of the unit cell of fFe3X. Layer C contains earlier Mossbauer spectral studies of dff@;3X where X is
iron on the 4 and 1& crystallographic sites, laye® con- Cul[6], Ag[4,9], Au[4,7], Ge[12], In[13], TI[13], Sn[9,13]
tains iron on the 1§ and 16, sites and neodymium on the and PH13], studies which indicate that the spectra are very
8f site, layersA; andA; contain neodymium on the L 6ite, sensitive to both the local environments and the nature of the
and layerScontains X on the dsite. Thus in BFe;3X iron magnetic anisotropy, i.e., axial or basal.
Because Mssbauer spectra are also kndd#—22]to be
~ * Corresponding author. Tel.: +1-573-341-4438; fax: +1-573-341-6033, SENSitive to the presence both of hydrogen and to any spin-
E-mail addressegglong@umr.edu (G.J. Long), fgrandjean@ulg.ac.be reorientations found in intermetallic compounds, we have
(F. Grandjean), buschow@science.uva.nl (K.H.J. Buschow). undertaken a detailed comparativéssbauer spectral study
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of the electronic and magnetic properties ofsNéei3Ag and The Mossbauer spectra were obtained between 85 and
NdgFei13AgH13, the results of which are reported herein. 295K on a constant acceleration spectrometer which uti-
lized a room temperature rhodium matrix cobalt-57 source
i and was calibrated at room temperature withiron
2. Experimental foil. The Mossbauer spectral absorbers, which contained
_ 26—29 mg/crf of compound, were prepared from pieces of
The sample of NeFe;sAg was prepared by arc melting  samples pulverized under liquid toluene and sieved to particle
starting matenals_of atlgast99.9% purity andisthe same sam-giameters of approximately 0.045 mm or smaller. The accu-
ple as was used in earlier stud@s8,10] After arc melting a0y of the hyperfine parameters obtained from Lorentzian
the sample was wrapped in tantalum foil, sealed in an evacu-jine shape fits is estimated to HeD.005 mm/s for the iso-
ated quartz tube, annealed for 4 weeks at 900 K, and quencheg,q, shift,+0.05 mm/s for the quadrupole shift, agd.2 T

toroomtemperature. The X-ray powder diffraction patternin- oy the hyperfine field. Variations of the hyperfine parameters

dicated that the annealed sample contained onkFEGAg within these limits lead to minor but insignificant increases
which was crystallized in the tetragonal §f3Si structure i \jSFIT, [23] which is of the order of 0.5-0.8% for all fits
[3]. reported herein.

The synthesis of the hydride of Ee;3Ag was carried
out at pressures not exceeding 2 bar using hydrogen gas with
a purity of 99.99%. The NgFe 3Ag starting materialwasini- 3 Results and discussion
tially activated by annealing in a dynamic vacuum at 600 K
for 30 min. After activation, the NgFeisAg was cooled to x_ray nowder diffraction patterns indicate that both
room temperature and hydrogen was injected into the Sta'”‘NdGFelgAg and NaFeisAgH1 s crystallize with the tetrag-
less steel autoclave. The hydrogenation began instantly andy, NdsFersSi structure in thd4/mcmspace group. The
proceeded exothermically and rapidly until @ nominal com- |atice parameters are givenTable 1where it may be noted

position of N&Fei3AgH13 was achieved, see below. that the lattice parameters of jfe;3AgH13 are almost iden-
The X-ray diffraction pattern indicated that icq)t those of RfFerAuD13. On the basis of this similarity
NdsFersAgH13 also crystallized in the tetragonal e sSi it has been assumed herein thagRei3Ag has been fully hy-

structure with the lattice parameters givenTable 1 The drogenated to form NgFe1zAgH 3.
absorption of hydrogen is accompanied by an expansion of  pfortunately, there has been no neutron diffraction
the lattice by 14.43%, an expansion that is consistent with study of the distribution of hydrogen in the lattice of

the absorption of 13 hydrogen atoms per formula unit of NgsFe sAgH; 3 and it will be assumed herein that this dis-
NdsFei3Ag as is indicated by the very similar expansion yipytion is the same as that fouri@4] in PrsFeizAuDys.
observed for RyFe;3Au when it forms PgFejsAuDis. Thus we have used the lattice parameters giveTatole 1,

along with the positional parameters reportg#l] for

Table 1 - -
Lattice parameter changes upon hydrogenation PrGFelsAUDl:%’ to b.Oth. calculate the Wigner—Seitz Cfe“ \./OI

. . = ume of each iron site in NfFe;3AgH13 and to determine its
Compound a(A) ¢ ca VA number of near-neighbor hydrogen atoms, Ealgle 2
NdsFei3Ag 8.0854 (2) 22591 (1) 0.358 147@6 (1) The Mossbauer spectra of |B|e13Ag and
NdsFeisAgHis  8.177(1)  2%275(1) 0324 16897 (4) NdsFe1sAgH13, obtained at several temperatures, are
Increase 0.092 (1) 884 (1) - 212 (4) shown inFigs. 1 and 2The hyperfine parameters for the
Increase (%) 113 188 - 1443 fits shown in these figures are given Tables 3 and 4
PrsFesAu 8.0962 (3)  2&72(1) 0.357 1484 (2) The hyperfine parameters for the 295 and 85K spectra of
PrsFei1zAuD13 8.1735(8)  2%408(4) 0322 1694 (5) NdsFer3Ag have been reported earligi0]. A simple visual
Increase 0.0773 (8) 236(4) - 2112 (5) comparison of the spectra of bl 3Ag and NgFe 3AgH13
Increase (%) 0.95 1a7 - 1422 obtained at 85K reveals the dramatic influence the addition
Table 2
The near-neighbor hydrogen environméretad the Wigner—Seitz cell volumes of the iron sites insRel3AgH13
Parameter/site H(1)B H(2) 14 H(3) 4c H(4) 32m H(5) 32m H(6) 32m Total number oHnn Viws? (A3)
H occupancy 0.775 0.706 1.000 0.715 0.173 0.082 - -
Fe 4 0 0 0 0 0 0 0.00 1@9
Fe 16 0 0 1,1.85 0 0 0 1.00 1135
Fe 16, 0 0 0 0 2,1.67 2,1.73 0.51 e}
Fe 18, 1,1.77 0 0 2,1.83 2,1.76 2,1.74 2.72 a2

@ The number of hydrogen near-neighbors is given followed by the iron to hydrogen distance, if any, g"%ven in
b The Wigner—Seitz cell volumes have been calculi2&iby using the 12-coordinate metallic radii of 1.82, 1.26, and AfBt Nd, Fe, and Ag, respectively,
and a covalent radius of 0.22for hydrogen.
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Fig. 1. The Missbauer spectra of IEe;3Ag obtained at the indicated temperatures.

of hydrogen has upon the electronic and magnetic propertieslated compounds. There have been several earlgesidauer
of NdgFer3Ag. studies of NdFe 3X, where X is Cu[6], Ag [4,9], Au [4,7],

In devising a model to fit the spectra of MeigAg and ~ Ge[12], In[13], TI[13], Sn[9,13], Si[10] and PH13]. De-
NdsFer3AgH13 it is useful to refer to the earlier work on re-  pending upon the orientation of the magnetic easy axis, these
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Fig. 2. The Mdssbauer spectra of iMEe;3AgH13 obtained at the indicated temperatures.

spectra may be analyzed with two quite different models. In inequivalent iron sites, respectively. In contrast, in the case of
the case of a uniaxial-axis magnetization, as is observed basal magnetization, as is observed insRel3X where X is
[9,13]in NdgFer3Sn, the Myssbauer spectra are best fit with  Ad [4,9], Au[4,7], In[13], TI[13] and PH13], the Mossbauer
four sextets with relative areas in the ratio 4:16:16:16 and Spectra are best fit with five sextets, with relative areas in the
assigned to thed} 16k, 161, and 16, crystallographically ratio 4:8:8:16:16 assigned to the fivel, 46k, 16k, 161, and
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Fig. 3. The temperature dependence of the magnetic hyperfine fields of the four iron sites, and their weighted avergiemzAgNd) and NdFe;3AgH13

(b). The error bars are approximately the size of the data points.

16l,, crystallographically and magnetically inequivalentiron iron 18k site removes the magnetic degeneracy of this site and
sites, respectively. Because of both the basal orientation oftwo sextets of equal areas are required in the fitgRHegSi

the magnetization in the latter compounds and the local pointis a special casg0,11]in which a spin reorientation of the
symmetry, the dipolar contribution to the magnetic field atthe magnetic axis below ca. 110K leads to a dramatic change
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Table 3
Mossbauer spectral hyperfine parameters fasfeghAg
ParameterT (K) 4d 16k 16k 161 16,  Weighted
average
H (T) 295 288 263 257 238 184 232
225 321 291 286 265 206 258
155 347 311 308 286 220 278
85 362 326 322 300 231 291
8 (mm/s} 295 —0.161 —0.085 —0.085 —0.079 —0.010 —0.066
225 —0.128 —0.049 —0.049 —0.047 Q024 —0.032
155 —0.094 —0.011 —0.011 —0.008 Q067 Q008
85 —0.062 0022 Q022 Q025 Q102 Q041

@ Relative to room temperatureiron foil.

in the Mossbauer spectra, a change that requires both of th
above models for adequate fits.

As reported earlief8] the magnetization of NgFe 3Ag
is basal and, as may be seerfig. 1, the Mossbauer spectra
are fit excellently with five sextets. In these fits the isomer
shifts of the 1& and 1&’ sites have been constrained to be
identical and, in the initia]8] fits of the N&Fei3Ag spec-

tra, the relative areas of the five sextets were constrained to
the magnetic degeneracies of the iron sites, i.e., 4:8:8:16:16
and it was assumed that there was no texture in the absorbe

In the fits shown irFig. 1the influence of texture, which is
clearly visible[8] in the large relative areas of the second
and fifth lines, has been included as a variaklén the ra-
tio of the relative component areasx3:1x:3, in each of
the five sextets. Further, because of the possibility of slightly
different recoil free fractions for the different iron sites, the
relative areas of the five sextets were allowed to vary, with
the constraint that the area of thekl#hd 1&' sextets were
equal. In all cases the relaxation of the relative area con-
straint led to, at most, trivial changes in the relative areas
and virtually no changes in the hyperfine parameters. In-
deed, for NdFe;3Ag the relative areas of the five sextets
depart by at most 3% from the expected crystallographic
ratio.

The fits of the NdFe;3AgH13 MOssbauer spectra are more

complex because of the presence of hydrogen as a near neigh-

bor of some but not all of the iron sites, sE&ble 2 In view

of the number of hydrogen near neighbors one would expect
the changes in the hyperfine parameters upon hydrogenation

Table 4
Maossbauer spectral hyperfine parameters foyAetbAgH 13

Parametefl (K) 4d 16k 16k 16); 16,1 16, Weighted
average
H(T) 295 328 312 310 291 277 352 292
225 349 335 332 319 304 284 320
155 371 354 352 338 322 303 338
85 386 367 364 348 336 311 349
§ (mm/sf295 —0.013 Q017 Q017-0.014 Q138 (0261 Q063
225 Q031 Q080 Q080 Q045 Q191 0283 Q114
155 Q075 Q127 Q127 Q121 Q205 Q308 Q161
85 0120 Q155 Q155 Q164 0230 Q0352 Q197

@ Relative to room temperatuteiron foil.
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to be the smallest for the irori4ite which has zero hydrogen
near neighbor and largest for the iron486ite which has on
average 2.72 hydrogen near neighbors. The consequence of
this large number of hydrogen near neighbors is to substan-
tially broaden the sextet that is associated with the irdp 16
site such that it must be fit with two sextets one of which cor-
responds to iron sites with fewer hydrogen near neighbors,
labeled the 16_; site, and a second site which corresponds
to iron sites with more hydrogen near neighbors, labeled the
16l,_5 site. The resulting model then consists of six sextets
in a ratio 4:8:8:16:8:8 assigned to the stk 46k, 16k, 161,
16,1, and 16,_» sites, respectively. Although the isomer
shifts for the 16_1 and 16,_» site component sextets are
not constrained to be equal, all the remaining constraints used
in the fits of the spectra of NfFe;3Ag have been retained in
the fits of the spectra of N#Fe;sAgH 3.

The magnetic hyperfine fields observed at 85 and 295K
for the different iron sites in NgFe;3Ag have been reported
earlier and found to increase with the number of iron near
neighbors for each site. Specifically, in bothd®e;3Ag and
NdsFer3AgH13 the 4, 16k, 164, and 16; sites have 12, 10,

9, and 7 iron near neighbors as determifi2d] from the
’rVVigner—Seitz cell of each iron site and, as may be seen in
Fig. 3, the hyperfine fields decrease in this order in both
NdsFei3Ag and NgFe3AgH13. The hyperfine fields ob-
tained at 85 K for NgFe;3Ag are completely compatible with
the values reported earlift] at 4.2K and the temperature
dependence of the hyperfine fields for bothsNei 3Ag and
NdgFei13AgH13 show the expected uniform decrease with in-
creasing temperature.

40

W
[4)]

w
o

Nd¢Fe,;AgH,; Hyperfine Field, T
N
[6)]

20 P TR H AR
20 25 30 35

NdgFe ;Ag Hyperfine Field, T

40

Fig. 4. A comparison of the magnetic hyperfine fields observed at 85K
in NdsFej3Ag and NgFe 3AgH13. The 18,_; site has been ignored in the
linear fit of the results because this site has the most hydrogen near neighbors.
The line of unit slope is also shown and the error bars are approximately the
size of the data points.
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Fig. 5. The temperature dependence of the isomer shifts of the

iron sites, and their weighted averages g\ da) and NdFe 3AgH 3 (b).

Perhaps more illustrative of the influence of the hydro- plot clearly shows the importance of the presence of the hy-

gen upon the magnetic properties ofd¥e;3Ag upon form-
ing NdsFej3AgH 3 is the plot, sed-ig. 4, of the 85K hy-
perfine fields of the different sites observed ingRe 3Ag
as compared with those observed ingNei3AgH13. This

drogen on all the iron sites, for which all of the hyperfine
fields have increased substantially. Further, this figure clearly
shows that the increase in the hyperfine field is the largest
for the 18, sites, and especially for the k6, site, just the
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sites that have the largest number of hydrogen near neigh- 0.40

bors. 0.35 o 161,
The above assignments of the components observed in ’

the Mossbauer spectra of Ee3Ag and NgFesAgH13 0.30 |-

are supported by the isomer shifts observed for each sextet. .,

As may be observed iRig. 5, for both compounds the iso- € 0-25

mer shift of each crystallographic iron site decreases, as ex- E 0.20

pected, approximately linearly with increasing temperature. E

However, in the case of NfesAgH13 the isomer shifts of »n 015

the 168,_1 and 16,_ sites are increased dramatically by the g 010 |

presence of the 2.72 hydrogen near neighbors. Further, the S

isomer shift of the 1k site which has 0.51 hydrogen near — 0.05

neighbors increases substantially upon cooling whereas the 0.00

4d site with no hydrogen near neighbors, although increased

in value, has a temperature dependent slope that is very simi- ~ -0.05 -

lar in both NgiFej3Ag and NgsFe sAgH1 3. Surprisingly, the //T 4d . l J

16k site, which has one hydrogen near neighbor and whose — *'S00 708 110 118 120 2e 130

isomer shiftisincreased substantially, also has a similar slope. Wigner-Seitz Cell Volume, A3

A better illustration of the influence of the hydrogen on the

isomers shifts in shown irig. 6, a plot of the 85K iso- Fig. 7. A plot of the Wigner—Seitz cell volumes vs. the isomer shifts ob-
mer shifts observed for the different sites ind¥e;3Ag as served at 85K for NgFe 3Ag, solid symbols, and NgFe sAgH13, open
compared with those observed in §f@;3AgH13. This fig- symbols. The 16_; site has been ignored in the linear fit of the results for
ure shows both the increase in the isomer shifts of all of the NJsFe13AgH13 because this site has the most hydrogen near neighbors.
iron sites upon hydrogenation and the dramatic increase in the

16l,_1 and especially the 16_, sites because of the presence gulated[25] and found to be 10.66, 11.51, 11.58, and 12.89
of the 2.72 hydrogen near neighbors. A3 for the iron 41, 16k, 161, and 16;, sites, respectively;

A number of studie§10,15-22,26-33have reported a  the analogous cell volumes for fée13AgH:13 are given in
close to linear correlation between thédsbauer effectiso- ~ Table 2 As is illustrated inFig. 7, this correlation is also
mer shift with the Wigner—Seitz cell volume of a given iron 0bserved in both NgFe;3Ag and N&Fe3AgH 3. It is im-
site in a variety of iron-containing intermetallic compounds. mediately obvious from this figure that the presence of hy-
The Wigner—Seitz cell volumes of the four crystallograph- drogen in N@FeisAgH:3 increases all of the isomer shifts

ically inequivalent iron sites in NgFe;3Ag have been cal-  partly in response to the associated expansion of the unit cell
upon hydrogenation, an expansion which increases the vol-

0.40 ume available to each iron site, reduces the s-electron density

at the iron-57 nucleus and hence increases the isomer shift.
" However, the added presence of the hydrogen near neighbors,
€ 0.30 especially at the 16 sites is obvious.
£ O
£
g 0.20 4. Conclusions
2 4d The Mdssbauer spectra of e 3Ag and NgFe 3AgH1 3
2 010 / 16k obtained between 85 and 295 K can successfully be analyzed
5 with a model which takes into account the basal magnetic
<Q anisotropy and the variations in the near-neighbor hydrogen
L?.; occupancy for each iron site. The assignment of the five sex-
2 0-00 tets in NgFey3Ag is in complete agreement with the iron
near-neighbor environment and the Wigner—Seitz cell vol-
ume of the four crystallographically inequivalent iron sites.
-0.10 L . ) Ll . . . . .. )
010 0.00 010 0.20 0.30 0.40 The assignment of the six sextets indfe; 3AgH13isin com

plete agreement with the iron and hydrogen near-neighbor

environment and the Wigner—Seitz cell volume of the four
crystallographically inequivalentiron sites. Upon hydrogena-

Fig. 6. A comparison of the isomer shifts observed at 85K igFé&hAg ti y bgt pt' li y q inh fine field P di ){[h .g

and NagFe;3AgH13. The 18,5 site has been ignored in the linear fit of the lon, substantial iIncreases In hypertine field and in the Isomer

results because this site has the most hydrogen near-neighbors. The line oBNift are observed for the four crystallographically inequiv-
unit slope is also shown. alent iron sites. These increases are the largest for the 16

NdgFe,,Ag Isomer Shift, mm/s
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sites, which has the largest number of hydrogen near neigh{12] B.P. Hu, J.M.D. Coey, H. Klesnar, P. Rogl, J. Magn. Magn. Mater.
bors. Finally, there is no indication in theddsbauer spectra 117 (1992) 225. _ '
observed for NgFelgAngg of any dynamic motion of the [13] F. Weitzer, A. Leithe-Jasper, P. Rogl, K. Hiebl, H. &p G.

. Wiesinger, W. Steiner, J. Solid State Chem. 104 (1993) 368.
hydrOgen between sites as has been obse{BAidn the hy' [14] G.J. Long, D. Hautot, F. Grandjean, O. Isnard, S. Miraglia, J. Magn.

dride of PpFe7. Magn. Mater. 202 (1999) 100.
[15] C. Piquer, F. Grandjean, O. Isnard, G.J. Long, J. Magn. Magn. Mater.
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