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The structural and magnetic properties of theHer;H, compounds, whereis 0, 1, 2, 3, and 3.8, have been
investigated by means of powder x-ray diffraction, thermal and ac magnetic susceptibility measurements, and
iron-57 Massbauer spectroscopy. The,E#-H, compounds crystallize in the hexagorfab;/mmc space
group with the ThNi,~like structure, a structure which has both an iron-rich stoichiometry and disorder of the
erbium and iron—iron #—4f dumbbell sites. The increase in the lattice parameters, the magnetic ordering
temperature, the saturation magnetization, and the dependence of $sbavier spectral hyperfine parameters
upon the hydrogen content reveal a two-step filling of the interstitial sites, with hydrogen first filling the
octahedral 6 sites forx<3 and then partially filling the tetrahedralil&ites forx=3 and 3.8. Neither the
Mossbauer spectra nor the ac magnetic susceptibility measurements reveal any spin reorientation in any of
these compounds. In all of the compounds both the excess amount of iron and the expected disorder is
confirmed by the Mesbauer spectra and the hyperfine parameters of the &ositd are reported herein.
Finally, the Msbauer spectra indicate that the interstitial hydrogen atoms partially occupying the tetrahedral
12i sites are jumping between these sites on thesdauer time scale.
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[. INTRODUCTION chiometric, usually with a rare-earth deficiency, and/or can
have disordered crystal structures.

The insertion of interstitial hydrogen into the crystal Detailed Masbauer spectral studies have been
structure of a compound generally induces dramatic changesported® **on R,Fe;;, whereR is Ce, Pr, Nd, and Gd, and
in its physical, electronic, and magnetic properties. Furthertheir hydrides, all of which have the ordered rhombohedral
for intermetallic magnetic compounds, either hydrogenstructure, and on D¥e; and its hydrides? which have the
decrepitatioh or hydrogen decomposition desorption anddisordered hexagonal structure. Both a slowing down of the
recombinatiorf;® yield small magnetic particles which are jumping of hydrogen between the partially occupied tetrahe-
very useful in the manufacture of new high performance perdral 18 sites and a magnetic spin reorientation have recently
manent magnets. been discoveréd'®in Pr,FeH, through M@sbauer spec-

Ferromagnetic iron rictR,Fe; ,B andR,Fe; compounds, tral studies. In contrast, no such slowing down or magnetic
whereR is a rare-earth, have been shdWwhto absorb large spin reorientation is observ€d“ in either NgFe;H, or
amounts of hydrogen, an absorption that leads to hydrideBy,Fe;;H,. The existence of a spin reorientation in
which are stable at ambient temperature and pressure. Mamr,Fe,H, , for x greater than 2, has been attribifetPto the
interesting changes have been observed upon the insertion pdsitive Steven'’s coefficienty;, of praseodymium.
interstitial hydrogen into the variouR,Fe; compounds, Because erbium, as well as samarium and holmium, has a
changes which include a modification of the crystal fieldpositive®® Steven's coefficienta;, it is expected that a
experienced by the rare-eafth,an increase in the change in chemical composition, the application of pressure
magnetizatior;® and even, in some cases, an increase in ther a magnetic field, could induce a spin reorientation in
magnetic ordering temperatufe. Er,Fe;;. Indeed, a spin reorientation has been observed in the

The R,Fe;; compounds with the lighter rare-earth atomsEr,Fe,C, interstitial ~carbide§™ with y>1, in
are found to crystallize in the rhombohedi@i3m space  Er,Fe;N32°?% and in the pseudobinary fFe, M,
group with the ThZn,like structure. In contrast, for the compound£*-2whereM is Mn, Co, and Ga. In all of these
heavier rare-earth atoms tRgFe;; compounds crystallize in compounds, the magnetization rotates away fromctlagis
the hexagonaP65;/mmc space group with the JKi,~like  toward the basal plane with increasing temperature; the tem-
structure; the change usually occurs at gadolinium and reperature at which this spin reorientation occurs is sensitive to
sults from the lanthanide contraction with increasing rarethe amount,y, of interstitial carbon or nitrogen or to the
earth atomic number. Typically the rhombohedral com-amountyx, of metal substitution and is typically between 100
pounds are very close to or exactly stoichiometric and havend 295 K. Because of the sensitivity of the spin-
completely ordered crystal structures. In contrast, the hexreorientation temperature to chemical composition, complex
agonal compounds can be either stoichiometric or nonstoieompositions}*#®  such as  Efe,CN, and
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ErFe;_xAlkNy, have been studied. Pressi® induced in the x-ray diffraction pattern__and no sextet corresponding
and magnetic fieft—3induced spin reorientations have also to a-iron was observed in the Msbauer spectra.
been observed in Hfe,-. High accuracy lattice parameters have been obtained with
Because Efe; and its hydrides crystalliZein the hex- @ Guinier-type_ focusing camera Qnd a monochroma’_[i_c X-ray
agonalP6,;/mmc space group, they exhibit atomic disorder,beam containing only iron 4 radiation. Powdered silicon
a disorder which was first report&dn 1969 for EsFe,;and ~ Was added to the sample as an internal lattice parameter stan-
is most likely comparable to that foufiih Ho,Fey;. This dar_d. The diffraction pattern was _recorded on x-ray film
disorder manifesté itself as an additional substitution of er- Which was subsequently scanned with a,2@ step in order
bium by 4e iron dumbbell atom pairs. Also, because botht0 extract the relative diffraction intensities. The indexation
Steven’s coefficientsy, andy,, are positive for erbiuf a of the Bragg peaks was_carrieq out for a hexagonal unit cell,
search for a spin reorientation in the hydrides offgf; is @ cell which is compatlble with the hexagonlaBs/mmc
worthwhile. Further, because of the lanthanide contractiorfPace group. The lattice parameters were then obtained by a
across the series dR,Fe-H, compounds, the maximum least squares refinement which used 25 observed Bragg re-
number of interstitial hydrogen atoms in,Eg; is 3.8 and  flections, a refinement which Ie_ads to an accuracy of ca.
not 5 as is fount?5in Pr,Fe;H,. This partial filling of the ~ 0.002A for both thea andc lattice parameters.
tetrahedral interstitial i2hydrogen site may also influence ~ Th€ magnetic ordering temperatures have been deter-

the dynamic nature of hydrogen in JgHs;g and mined with a Faraday torque balance at a heating and cool-
Er,Fe,Dsg ' ing rate ¢ 5 K per minute. A sample of ca. 50 to 100 mg was

For the above reasons we present herein an x-ray diffracé@led under a vacuum in a small silica tube in order to
tion, magnetic, and Nsbauer spectral study of the Prevent oxidation of the sample during heating. The satura-

Er,FeH, compounds, wherg varies from 0 to 3.8 and of tion magn7etization of BFe; and EpFesH;g was
Er,Fe, D3 determined’ at 5 K by theextraction method in a continuous

field of up to 7 T. The 4.2 to 295 K ac magnetic susceptibil-
ity has been determined with a computer controlled mutual
inductance susceptometéwhich used an exciting field of 1
Oe at a frequency of 120 Hz. A lock-in amplifier has been
Polycrystalline EsFe; was preparetf by melting, in a used to measure the complex susceptibility=x' —jx",
high frequency induction furnace, purer than 99.95 percenivhere y' is the initial susceptibility and is related to the
metals placed in a cold copper crucible under a purified arvariation in the magnetization of the sample ayidis non-
gon atmosphere. In order to optimize the sample homogeneero when magnetic energy is absorbed by the sample.
ity, small pieces of the resulting ingot were wrapped in tan- Mossbauer spectral absorbers of ca. 36 mgieere pre-
talum foil, sealed in an evacuated silica tube, and annealed pared from powdered samples which had been sieved to a
1270 K for at least two weeks. Because the starting ingo0.045 mm or smaller diameter particle size. Thedstmauer
composition was slightly rich in iron, the actual ingot com- spectra have been obtained between 4.2 and 295 K on a
position was BEjFe ;s This latter composition completely constant-acceleration spectrometer which utilized a rhodium
agrees with the homogeneity range of theHer; phase matrix cobalt-57 source and was calibrated at room tempera-
found® in the Er—Fe phase diagram. Further, the homogeneture with a-iron foil. The studies were carried out in a Janis
ity range ofR,Fe;, whereR is a heavy rare earth is also Supervaritemp cryostat in which the samples were never ex-
knowrt™® to broaden with increasing rare-earth atomic num-posed to a vacuum. The spectra have been fit as discussed
ber. below and the estimated errors are at ma4t kOe for the
The hydrogenation of BFe;; 5 to form ErFe; Hsgwas  hyperfine fields,+=0.002 mm/s for the isomer shifts, and
performed at 373 K in a stainless steel autoclave under &0.005 mm/s for the quadrupole shifts.
hydrogen pressure of ca. 5 MPa. The hydrogen content was
contr(_)lled by measuring the change in hydrogen vapor pres- IIl. STRUCTURAL AND MAGNETIC RESULTS
sure in the autoclave and was determined by gravimetric
analysis. The accuracy of the hydrogen content is estimated Structural propertiesThe complex disordered hexagonal
to be £0.1 hydrogen atoms per formula unit, an accuracyTh,Ni;~like structure with the P6;/mmc space group,
which has been confirm&%*®in relatedR,Fe;; compounds —adopted by thd?,Fe;; compounds, wherR is a heavy rare-
through neutron diffraction studies. The preparation ofearth element, has been extensively discudsacur previ-
Er,Fe ;D5 g was carried out in a similar fashion by replacing ous paper on Dye;;. The reader should consult Fig. 1 of
hydrogen with deuterium. Samples with an intermediate hyRef. 14 for details of the substitutional disorder of the rare
drogen concentration were obtained by heating the approprearth by dumbbell iron—iron pairs, a disorder which has been
ate mixture of EsFe ;s and EpFej; Hsgin a sealed tube. In  confirmed by high resolution neutron diffraction studi&s*
order to both promote hydrogen diffusion and to optimize theof Ho,Fe;;, by x-ray diffraction studi¢€*! of Lu,Fe;; and
sample homogeneity, the sample was heated three timés,Fe;;, and by single crystal neutron diffraction studie®
from room temperature to 570 K over a period of 2 to 3of Tm,Fe;; and LuFe ;. The observed degree of disorder is
hours. The resulting homogeneity was checked by converknown to depend upon the method of preparation and/or
tional x-ray powder diffraction with iron K; radiation. Inall  upon the initial stoichiometry of the preparative mixture. Un-
cases no Bragg peaks corresponding-ioon were observed fortunately, it is very difficult to determine the degree of

Il. EXPERIMENT
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TABLE I. Structural parameters and magnetic ordering tem-

peratures for EFe[H, .2 5.0
AV/X,

Er,Fe; H, a A c, A v, A®  A%atom T, K sl
EnFey 8.4311) 8.2802) 509.73) 3155 g
Er,FeH 8.4552) 8.2932) 513.54) 1.9 3784) g [
ErFeH, 8.4842) 8.2982) 517.34) 1.9 4284) O 40
ErFe H; 85201 8.3101) 522.42) 2.1  4824) o f
ErFeHsg 8.5402) 8.3212) 525.54) 2.1  4984) 8

°
&The corresponding error bars are given in parentheses. :|>:’ 38

disorder from powder x-ray diffraction studies on,Eg-.
Hence, because the sample of,ls;; studied herein was 3.0
prepared by a method essentially identical to that offtég,,
it is reasonable to assume that the degree of disorder is th
same in the two compounds. Thus, the nominaFEy; stoi- 25 n L L 1
chiometry is best represented by,E; s and the statistical 750 760 770 780 790 800
occupations of the 2, 2c, and A rare-earth sites are 75.6, . 3
16.0, and 100 percent, respectively, and the statistical occu- Unit Cell Volume (A )
pations of the @ and 4f iron dumbbell sites are 24.4 and g, 1. The maximum hydrogen content as a function of the
84.0 percent, respectively; the remaining iron sites are fullyg,Fg, unit-cell volume. The hexagonal and rhombohedral com-
OCCUpied. The lattice parameters and the unit-cell volume Oi)ounds are designated [’ and H, respective|y_ For Comparison
ErFe; are given in Table | and they agree very well with purposes the hexagonal unit-cell volumes have been multiplied by
previously publishetf°values. 1.5. Error bars are shown only for g, ; but are similar for all the
Hydrogen contentThe lattice parameters and unit cell remaining compounds. Data obtained in part from Ref. 7.
volumes of EgFe-H,, which crystallize in theP6;/mmc
space group, are given in Table |. The maximum amount offen atom. The linear increase wittbetween zero and 3.8 is
hydrogen which can be inserted into,Ee,; was found to be different than the sharp nonlinear increase obséfédn
3.8 hydrogen atoms per formula unit, a value which is conthe ¢ parameter foix greater than 3 in both D¥e;H, and
sistent with those reportéd, for rare-earth atoms of similar PrFe;7H,. The insertion of hydrogen into the fFe; lattice
size, i.e., for HgFe-H,. The 3.8 hydrogen atoms are sig- induces a linear increase of the unit-cell volume with a slope
nificantly less than the five atoms which can be inserted int®f 2.1 A% per hydrogen atom.
the rhombohedraR,Fe;; compounds formed with lighter ~ Previous structural studies &,Fe H,, whereR is Ce,
rare-earth atoms such as Ce, Pr, Nd, Sm, or Gd. Pr, Nd, Gd, and Dy, have indicat¥d*>*that the hydrogen
Neutron diffraction experimerfts® indicate that two dif- atoms occupy the interstitial sites in two stages, first, the
ferent interstitial sites can accommodate hydrogen, the octactahedral sites and second, the tetrahedral sites, stages
hedral & sites, which are most favored by hydrogen and thewhich are similar for both the rhombohedral and the hexago-
tetrahedral 12 sites which are located near the rare-earthnal structures. This two stage occupation is clearly indicated
atoms. For rare-earth atoms heavier than gadolinium, thby the discontinuity in the compositional dependence of the
maximum amount of hydrogen is smaller than for the lighterlattice parameters and unit cell volume»agreater than 3.
rare-earth atoms because of the effect of the lanthanide colo such discontinuity is observed for Jee;H,. The ab-
traction upon the volume of the interstices and because of thgence of any discontinuity may result from the lanthanide
rare-earth stoichiometric deficiency and the preference of hyeontraction and the consequent partial filling of the tetrahe-
drogen to bond with the rare-earth atoms. Figure 1 indicatedral site by hydrogen in EFe ;H, atx values less than 3. As
a close to linear correlation between the maximum hydrogemwill be noted below, this hypothesis is confirmed by the
content and theR,Fe;; unit-cell volume. As shown in this compositional dependence of the s&bauer hyperfine pa-
figure, CeFe; seems to be an exception to this correlation,rameters.
most likely because of the tendency of the valence state of Magnetic ordering temperatureThe magnetic ordering
cerium to approach the tetravalent state. temperaturesT., of the EpFe,H, compounds, forx=1,
Compositional dependence of the lattice parametéh®  obtained from thermomagnetic measurements, see Fig. 2,
lattice parameters and unit-cell volumes of theFg,H, and of EpFe; obtained from the Mssbauer spectral study,
compounds are given in Table I. Thelattice parameter see below, are given in Table I. It should be noted that, for
increases linearly with a slope of 0.0294 A per hydrogensome unknown reason, the ordering temperature sfdgy,
atom in EpFe;H, , a slope which is larger than the values of as determined from the ac susceptibility measurements, see
0.0265 and 0.0281 obsen/8d* in Dy,Fe-H, and Fig. 3a) is lower by ca. 20 K than the value reported in
Pr,FeH,, respectively. Thec lattice parameter also in- Table I. As is indicated in Table T increases linearly with
creases linearly wittx with a slope of 0.0103 A per hydro- a slope of 55.1 K per hydrogen atom in,Ee-H, for x
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FIG. 2. The temperature dependence of the magnetization of
Er,FeH,.

o
ac Susceptibility (emu/(Oe mol))

values between 0 and 3 and then increases by only 16 K for
a further 0.8 increase im The increase iff; observed upon

hydrogen insertion is a common feattfref the R,Fe;; com- A0 L
pounds, a feature which is related, at least in part, to the unit 0 50 100 150 200 250 300
cell expansion, an expansion which favors ferromagnetic ex- Temperature (K)
change interactions. The compositional dependencd .of

observed herein for Efe-H, is very similar to that 60 r

reported* for the Dy,Fe;;H, compounds and confirms that
hydrogen insertion on the tetrahedrali kes is less effec-
tive in increasingT. than is insertion on the octahedrah 6
sites. This interpretation is also supported by the positive
correlatiof® between the iron—iron interatomic distance
within the iron dumbbell and the occupancy of the octahedral
6h sites by hydrogen.

Saturation magnetization and ac susceptibilithe satu-
ration magnetizationteb K is 17.9 and 17.g per formula
unit for ErFe; and EgFeHj g respectively. The value of
17.9ug per formula unit obtained for Efe;; is in good
agreement with the previously measiffbdalue. Because of
the decrease at higher temperatures of the antiferromagnetic
contribution of the erbium sublattice to the magnetization,
the saturation magnetization of Je;H;g increases to
23.6ug per formula unit at 295 K.

Both components of the ac magnetic susceptibility for
ErFe;, EnFe-H,, ErnFe-Hs and EpFeHj gare shown as
a function of temperature in Fig. 3. The corresponding
curves for EsFe7H are similar to those of BFeH,. The FIG. 3. The temperature dependence of the rg4), and the
dramatic drop in the ac magnetic susceptibility ojf€i7iS  imaginary,y”, portions of the ac magnetic susceptibility obE®,,
associated with the ferrimagnetic to paramagnetic transitioolid lines, and EiFe;;H,, dashed linega) and EsFe H,, solid
at ca. 295 K. As mentioned above, previous studies havenes, and EsFeH; 5 dashed linegb). To avoid overlap 5 emu/
revealed that carboh®® and nitroge®?! insertion or Mn,  (Oe mo) has been added to the values fopfE;; and EpFe;Ha.
Co, or Ga substitution for irdi=?®in Er,Fe;; and hydrogen
insertiort® into rhombohedral BFe;; induces a magnetic
spin reorientation. Thus ac susceptibility measurements haveged with the shoulder, an absorption of energy which is
been performed on the feH, compounds in order to expected if there is as a spin reorientation at these tempera-
search for a similar spin reorientation. This technique istures. Hence, the shoulder in the real portion of the ac sus-
knowrf"® to be very sensitive to changes in the magnetizatiorceptibility is not related to a spin reorientation. The absence
direction in rare-earth and transition-metal intermetallicof a spin reorientation is also confirmed by the ddbauer
compounds. In the case of the hydrides a smooth shoulder &pectral results, see below, and is consistent with the
observed in the real portion,’, of the ac susceptibility cen- decreasein the crystal field at the rare-earth nucleus upon
tered at ca. 120, 125, 90, and 60 K for1, 2, 3, and 3.8, hydrogenation. However, the shoulder observed in the real
respectively. However no anomaly in the imaginary portion,portion, x’, of the ac susceptibility is reminiscent of the
X", of the ac susceptibility is associated with this shoulderanomaly reporteti=*° in several R,Fe;,B compounds, in
indicating that no absorption of magnetic energy is associSmyFe;;, and in CeFg and associated with a magnetic after

ac Susceptibility (emu/(Oe mol))

0O 50 100 150 200 250 300
Temperature (K)
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FIG. 5. The 4.2 K Massbauer spectra of fFe; (@) and

Er,FeHs g (b).

. 100 hatheficpmpen 100.0 |
4 oo 995 |
5 o | 80.0 |-
= - -
‘g 97 I 98.5 2
K 96 1 ‘ 98.0 |
e Io 1 2 o 1
Velocity (mm/s) 1000 i WW/’( YA
895 | [ E
FIG. 4. The 320 K Mssbauer spectrum of fe;-. 990 E 1
F X=
effect. The fundamental nature of this anomaly is not under- 98.5
stood at this time. 980
. 975 F
IV. MO SSBAUER SPECTRAL RESULTS _100.0 [y o
The Massbauer spectra of fe;;, obtained between 4.2 é 995 L )
and 320 K, are shown in Figs. 4—6. Recently, very poor £ -
quality Mossbauer spectthof Er,Fe;;, obtained between 18 g 99.0 [
and 310 K, have been analyzed in terms of a model which [‘_ -
ignores the structural disorder in JEe;;. This disorder §98'5 5 x=2
introduces$* a total of five crystallographically inequivalent d\‘:’ 980 F
iron sites, i.e., the d, 4f, 6g, 12j, and 1X sites. The Mss- 1000 &
bauer spectra of Efe,; indicate thatT; is 315+5 K. The 8
high resolution 320 K Mssbauer spectrum of fFe;, see [
Fig. 4, permits a detailed spectral analysis which was not 990 7
possible with the earlier poorly resolVédspectrum at 310
K. A fit with four symmetric doublets of relative areas 98.0
4:6:12:12, assigned to the 46g, 12}, and 1X sites, respec- -
tively, failed to fit the inner side of the line at 0.2 mm/s. The a70 F
missing absorption is clearly an indication of iron occupation 100.0 |
of the 4e site. Indeed, as is shown in Fig. 4, a fit with five F
symmetric doublets with relative areas of 4.4, 10.1, 17.1, 995 -
34.2, and 34.2 percent, assigned to tiee 4f, 6g, 12}, and -
12k sites, respectively, is excellent; the corresponding hyper- 990
fine parameters are given in Table Il. It is clear that several 985 [
08.0 Bmmloeulonilonuly byl
100 10 8 6 -4 2 0 2 4 6 8 10
Velocity (mm/s)
c % FIG. 6. The 85 K M@sbauer spectra of e ;H, .
(=]
% o8 satisfactory alternative fits of this spectrum can be obtained
E with five symmetric doublets. However, the fit shown in Fig.
2 o7 4 agrees with the fit of the paramagnetic spectrum of
€100 CefFe; and, further, the resulting isomer shifts and quadru-
g pole splittings are consistent with the corresponding param-
L g9 eters obtained below the ordering temperature, see below.
The 4.2 K spectrum, shown in Fig. 5, agrees well with the
98 earlier spectrum obtaindYat 15 K. Because of the point
symmetry of the five iron sites and the basal orientation of
97 the magnetization in EFe;;, there are eight magnetically

inequivalent iron sites, i.e., thee4 4f, 69,4, 609,, 12jg,
12j,, 12%g, and 1%, sites. In the earlier Mesbauer spectral
study® of Er,Fe;, the disorder was ignored and an addi-
tional subdivision of the 12 site was used, a subdivision
which was based upon a calculatibof the dipolar fields in
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TABLE Il. Mo ssbauer spectral hyperfine parameters foF&gH, .

X T, K 4f 4e 694 69, 12jg 12j, 12kg 12k, Wit. Avg.
H, kOe 0 42 367 385 333 313 322 285 288 290 315
85 352 365 314 294 308 272 273 276 300
295 144 165 110 98 112 71 72 71 98
1 85 349 364 314 291 304 298 275 254 298
295 242 264 208 195 204 201 178 157 198
2 85 344 362 308 312 295 295 271 250 293
295 275 307 240 245 232 232 209 192 230
3 85 340 362 305 317 292 291 269 251 295
295 285 307 254 262 244 239 223 203 244
3.8 42 345 370 313 325 303 301 280 260 304
85 342 366 311 323 301 300 279 260 302
295 290 303 257 270 255 262 235 215 255
82 mm/s 0 4.2 0.185 0.195 -0.035 —0.035 0.048 0.048 0.000 0.000 0.039
85 0.175 0.190 -0.035 —0.035 0.033 0.033 -0.010 -0.010 0.029
295 —0.040 0.020 -0.145 -0.145 -0.100 -0.100 -—0.140 -0.140 -0.110
320 —0.030 0.010 -0.200 -0.200 -0.100 -0.100 -—0.150 -—0.150 -0.121
1 85 0.158 0.205 -0.028 —-0.028 0.034 0.034 -0.010 -0.010 0.028
295 0.010 0.070 -0.150 -0.150 -0.080 -—-0.080 —0.125 —-0.125 —0.092
2 85 0.150 0.195 —-0.040 —0.040 0.040 0.040 0.010 0.010 0.031
295 0.040 0.075 -0.135 —-0.135 —-0.070 —-0.070 —0.090 —0.090 —0.073
3 85 0.140 0.195 -0.008 —0.008 0.061 0.061 0.039 0.039 0.057
295 0.02 0.065 -0.100 -0.100 -0.055 —0.055 —0.062 —0.062 —-0.051
3.8 4.2 0.140 0.180 0.015 0.015 0.070 0.070 0.050 0.050 0.087
85 0.135 0.165 0.015 0.015 0.065 0.065 0.050 0.050 0.066
295 0.030 0.070 -0.060 —-0.060 -0.035 —-0.035 —0.045 —0.045 —-0.031
QS’mm/s 0 42 -0.050 -0.020 -0.310 0.220 0.135 0.620 0.250 —-0.530
85 —-0.050 -0.020 -0.310 0.220 0.135 0.620 0.200 —-0.530
295 0.010 —-0.020 —0.420 0.140 0.180 0.600 0.040 —0.420
320 0.040 0.040 —-0.560 0.655 —0.644
1 85 —0.100 0.020 —-0.340 0.260 0.230 —-0.280 0.210 0.140
295 —0.100 0.020 —-0.340 0.260 0.220 -0.320 0.170 0.180
2 85 —0.100 0.020 -0.380 0.330 0.240 -0.400 0.160 0.100
295 —0.100 0.020 -0.380 0.330 0.200 -0.400 0.160 0.200
3 85 —0.020 0.020 -0.430 0.270 0.270 -0.400 0.130 0.120
295 —0.020 0.020 —-0.400 0.210 0.210 -0.400 0.210 0.170
3.8 42 —0.020 0.040 —-0.400 0.270 0.270 -0.350 0.100 0.120
85 —0.020 0.040 —0.400 0.270 0.260 —0.350 0.100 0.140
295 —0.020 0.040 —0.400 0.150 0.230 -0.320 0.120 0.140
Area, % 0 10.60 3.35 11.47 5.74 22.94 11.47 22.94 11.47
1 10.60 3.40 11.45 5.72 22.90 11.45 22.90 11.45
2 9.98 3.17 11.58 5.79 23.16 11.58 23.16 11.58
3 9.95 4.55 11.40 5.70 22.80 11.40 22.80 11.40
3.8 10.10 5.38 11.36 5.78 22.78 11.36 22.78 11.36

&The isomer shifts are given relative to room temperatuieon foil.
QS are the quadrupole shift values, except fofFEr; at 320 K, where QS are quadrupole splitting values.

Y,Fe;. However, it seems that the calculated orientation ofSextets assigned to the44f, 694, 69, 125, 12j,4, 1Ks,

the dipolar field which gives rise to this additional subdivi- and 1X, sites in EgFe,-.

sion is not compatible with the orientation of the magnetiza- The line shape, the width, and the relative area of the
tion in the basal plane of Efe;;. Hence, the fits shown in absorption at the highest velocity in Figgapand 6 indicate
Figs. 5a) and 6 have been obtained with eight magneticthe presence of iron on theesite. The usual constraint on
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the equality of the isomer shifts of the crystallographically 020
equivalent and magnetically inequivalent sites has been used -

in all of these fits. Further, one linewidth of 0.31 mm/s at 4.2 015

K and of 0.32 mm/s at all the remaining temperatures was 010 £ ErFeHgg
used for all components in the spectra. The hyperfine param-

eters resulting from the fits at 4.2, 85, and 295 K, as well as 0.05

the relative areas of the sextets, are given in Table Il. Be-
cause of the atomic disorder discussed above, the relative
areas of the spectral components of the iren4f, 6g, 12,

and 1X sites, are expectétdpn the basis of the disorder
observed for HgFe;;, to be 2.84, 9.79, 17.47, 34.95, 34.95
percent, respectively. Even though these relative areas have

g
=
S

e
=}
&

LS LR SR R

Weighted Average Isomer Shift (mm/s)

not been constrained to these values, the best fit values agree 0.15 |
reasonably with these expected values. C

Between 4.2 and 320 K theediron site is characterized -0.20 bbb L
by the largest isomer shift, as is expected for a site which 0 50 100 150 200 250 300

shows the samer local symmetry as that of thef4ite and Temperature (K)

has a larger Wigner—Seitz cell volume. Among the remain- £ 7. The temperature dependence of the weighted average
ing isomer shifts, see Table II, thef 4somer shift is the jsomer shifts in EsFe,, and EsFeHss The solid lines are the

largest and the  isomer shift is the smallest, values which resuit of least squares fits with a Debye model. The error bars are
are In agreement both with the results Obtaﬁqéas -5 on approximately the size of the data points.

the R,Fe;; compounds, wher® is Y, Ce, Pr, Nd, Sm, Th,

and Th, and with their respective Wigner—Seitz cell vol- .
' . \ . 75 g/mol, for EpFe;; and EpFe;Hs g respectively. These
umes. The sequence of hyperfine fields~#f>6g>12] values indicate that the lattice of J&e;H; g is more rigid

>12k, at all temperatures, is also identical, with the excep- ; . i
tion of the addition of the & site, to the sequence and tightly bound than the lattice of £, no doubt be

observed?252-570r the R,Fe,, compounds, wher® is Y cause of the insertion of hydrogen into the lattice and the
2. 7 > ' added covalency which results.
\(/:vﬁh Tr::';\tNgf tﬁ?'nzra’bae?%fﬂ?énFléggfrﬁ;gibsoerguflgi ggrees The compositional dependence of the 85 K isomer shifts
=9>8. It should be noted that the iron—iron dumbbell dis-gf :ErzFlFl;]Hx’ Wherexas O,hléeia,l 3& jfnd.3.8,hls shor¥vn| In Fig.
tance is typically longér®in the 4e than in the 4 site, a = & thgftcomgotl;]n ; t.t h : h SlteS” a\ge't © argtral'sfi
. : . ’ . isomer shifts and the ¢ site has the smallest isomer shift,

gggﬁ;g'?ﬁinﬁ;pvgmﬁg ];?glgrs ferromagnetic exchange and ing, o5 which are in agreement with the results obtaféd

The 4.2 K Massbauer spéctrum of fieHy g and the 85 on the hydrides oR,Fe;, whereR is Ce, Pr, Nd, Sm, Gd,
K tra of th o q 17 ﬁ-g in Figs. 5 and Dy. The 4 and 4 isomer shifts show little variation
an?jpgcr?sgecti\e/e%;ellgisxc(ljg;ptﬁg? tl’?e?édelh)sal.?e\l\rmspl)lctlr%&()f with x, probably because of the smaller expansion of the
the h);drides <how Iéss detail than those oFy,. The pres- lattice along Fhec axis as c_ompared to the Iarger _expansion
ence of a sextet with a large hyperfine field, the sextet whicr‘rfllong thea axis. The @, 12, and 1X isomer shifts increase
gives rise to an absorption line at the extreme right of the 85

K spectra, see Fig. 6, is a clear signature of the sextet as- 025 r
signed to the @ site and arising from the structural disorder. :
Hence, the spectra of the hydrides have also been fit with an 0.20 a e A/ﬁ\ﬁ_—\
eight sextet model, as was the case fosHey;. One line- B 015 3_4f ‘\‘\.\‘\‘ 4
width of 0.32 mm/s was used for all spectra. The resulting €7 F
hyperfine parameters and relative areas of the eight sextets E 0.10 2 4
are also given in Table Il and their temperature dependence £ '~ | )
is discussed below. The relative areas of the hydride sextets, & 0.05 F ._."/——4 12j
see Table I, indicate that there is little, if any, hydrogen & [ 12k
compositional dependence of the atomic disorder. Because % 0.00 2 ._/ 6g
of the method used to prepare the hydrides, the same atomic 2 "~ [12k ’/‘\/
disorder and excess iron stoichiometry are expected in all of 005 %9
the compounds. B

The temperature dependence of the five isomer shifts in -0.10 : { L | l l
ErFe;H, follow the expected second order Doppler shift 0 1 2 3 4 5

and that of the weighted average forE®; and EpFeHj g

is shown in Fig. 7. The solid lines in Fig. 7 are the result of
a least squares fftwith a Debye model for the second order  FiG. 8. The compositional dependence of the 85 K isomer shifts
Doppler shift and the fits correspond to Debye temperatures Er,Fe.H, . The error bars are approximately the size of the data
of 265 and 360 K, and effective vibrating masses of 57 angoints.

Hydrogen Content
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400 380
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350 360 [ 46 Ay 40
@ —~ | af
300 [
o250 F % [
% - [
i, F © 320 [
= - Q B .
£ 5 €300 [ . 12
150 = C
= Q. |
10 : :|>--‘280 - 12k .\.\.J 12K
0F 260 |-
Y ST B B RN PR PR -
0 50 100 150 =200 250 300 240 : ' ' ' '
Temperature (K) 0 1 2 3 4 5
200 Hydrogen Content
380 FIG. 10. The compositional dependence of the 85 K site
___360 weighted average hyperfine fields in,Ee ;H, . The error bars are
Q@ approximately the size of the data points.
9 340 pp y p
% 320 The solid lines in Fig. &) are the result of a least squares
L 300 fit>° with the equation,
=
5 280 H=Ho[1—BaT/Tc)¥2=Co( TITc)*], (1)
2260 S :
£ whereHg and T are the saturation field and the magnetic

240 ordering temperature, respectively. TH&? term in this

220 equation has its origfi in the excitations of long-
000 Bl ol b 1 wavelength spin waves. Th&,, coefficients vary between
0 50 100 150 200 250 300 0.06 and 0.13 for the five sites in JEg,/H; 5, values which

Temperature (K) are comparable to the values of 0.11 and 0.12 obsé&hed
a-iron and nickel and indicate spin waves of similar wave-
FIG. 9. The temperature dependence of the site weighted avetength. In the fits shown in Fig.(B) the T2 term is unusu-
age hyperfine fields in BFe;; (a) and EsFe;H;g (b). The error  ally large with Cs, coefficients of ca. 0.4. These large coef-
bars are approximately the size of the data points. ficients probably arise because of the proximity of the
magnetic ordering temperature. Indeed, the equation is
with increasingx in agreement with the lattice expansion known to be most applicable at temperatures well below the
upon hydrogen insertion and the presence of near-neighb@dering temperature. This limited applicability range also
hydrogen atoms for the J2and 1X sites. A slightly more prevents the appllca_tlon qf this eqpatlon tq the temperature
substantial increase in thegp 12j, and 1X isomer shifts ergndence of the fields in J&ey,, f|eIQS which are shown
was observelt in the Dy,Fe ;H, compounds. This slight dif- in Fig. 9a). A plot of the reduced weighted average hyper-

ference between the two series of compounds is likely tJme field versus the reduced temperature fos; follows

. . . . _quite closely a Brillouin curve fo6=3/2.
result from the lattice contraction along the lanthanide series! There is relatively little variation in the 85 K hyperfine

As isk S(I;Iov:/n in F1itg. 8, thel@, 132j’ adnc; ng Lsomferlshiﬁshare fields with hydrogen content as is indicated in Fig. 10, except
markedly larger fox equal to 3 and 3.8, than farless than ¢, \he small increases in the fields fior 3.8. This increase

3. This incre_aS(_a is believed to resul_t _from the filling of the is no doubt a result of the filling of the 18ites by hydrogen.
tetrahedral 12sites by hydrogen, a filling which has begun 11,6 4 2 spectrum of BFeHs g see Fig. 5, indicates

to occur even fox equal to 3. . _ that the interstitial hydrogen atoms which partially occupy
The temperature dependence of the site weighted averagge interstitial 12 sites are jumping between these sites on
hyperfine fields is shown in Figs(® and 9b) for EFe;  the Massbauer time scale of ca. 10s. If these interstitial
and EpFesHszg respectively. The other hydrides shown hydrogen atoms were static on this time scale, the sifes
similar Brillouin-type behavior for their hyperfine fields. The would be divided into eight sites with one tetrahedral inter-
sequence of hyperfine fields,e#4f>69>12>12k, is stitial hydrogen near neighbors and four sites with no tetra-
identical to the sequence observed in the hydfftiééof  hedral interstitial hydrogen near neighbors and the sextet as-
R,Fe7, whereRis Ce, Pr, Nd, Sm, Gd, and Dy, and agreessigned to the 1R site would have to be subdivided into two
with the decrease in the number of iron near neighbors, 18extets with a two to one area ratio. Such a subdivision of the
=10>9=9>8. 12k sextet is not necessary to obtain an excellent fit of the
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4.2 K spectrum and we conclude that, even at 4.2 K, there ifiduce a spin-reorientation in fFe ;. Further, because of
no evidence that the tetrahedral interstitial hydrogen beatomic disorder, the Mssbauer spectral fits require a specific
comes static on the Msbauer time scale, a behavior which sextet which is assigned to iron occupying thesite and is

is similar to the dynamic behavior observ&d* in  characterized by hyperfine parameters very similar to those

PrFei;Hs, NdFeHs, and DyFeHz e of the 4f site, an assignment which is in agreement with the
identical site symmetry of the two sites and the identical
V. CONCLUSIONS near-neighbor environments and similar bond distances of

the two sites.

Because the hydrides JfeH,, with x=3, show an
axial magnetization below their spin-reorientation tempera-
ture and the hydrides DFeH, and EpFe,H, do not, it
would be interesting to investigate the rear-earth solid solu-
tions, Py_,Dy,FeH, and Ps_ Er Fe;H, for the existence
doef a spin reorientation.

In CeFey;, PrLFe;, NdFe; and DyFe-the increase in
the c lattice parameter with increasing hydrogen content re
flects the filling of the tetrahedral interstitial sites with hy-
drogen atoms. In EFe;, this increase is more subtle and
suggests that the filling of the tetrahedrai Eites in disor-
dered hexagonal Efe; begins at slightly less than three
hydrogen atoms per formula unit because both the lanthani
contraction and the excess iron stoichiometry hamper the
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