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X-ray diffraction, isothermal magnetization at 5 and 300 K, ac magnetic susceptibility
measurements between 5 and 200 K, and iron-57 Mo¨ssbauer spectral measurements between 4.2
and 295 K have been carried out on ErFe11Ti and ErFe11TiH. Hydrogen uptake has been measured
by gravimetric analysis and the insertion of hydrogen into ErFe11Ti increases its magnetization,
magnetic hyperfine fields, and isomer shifts as a result of the associated lattice expansion. Peaks and
steplike changes in both the real and imaginary components of the ac magnetic susceptibility are
observed at;50 and 40 K for ErFe11Ti and ErFe11TiH, respectively, and are assigned to
spin-reorientation transitions resulting from the temperature dependence of the sixth-order Stevens
crystal-field term of erbium. The Mo¨ssbauer spectra have been analyzed with a model which
considers both these spin reorientations and the distribution of titanium atoms in the near-neighbor
environment of the three crystallographically distinct iron sites. The assignment and the temperature
dependencies of the hyperfine fields and isomer shifts are in complete agreement with the Wigner–
Seitz cell analysis of the three iron sites in ErFe11Ti and ErFe11TiH. The changes in the hyperfine
field and isomer shift with the number of titanium near neighbors of the three iron sites are in
agreement with the values observed for related titanium–iron intermetallic compounds. ©2003
American Institute of Physics.@DOI: 10.1063/1.1544087#
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I. INTRODUCTION

Modern high performance magnets are based ond
24f intermetallic compounds in which the 3d element, usu-
ally Fe or Co, is the major component and is responsible
the high remanence and Curie temperature, and the 4f ele-
ment, usually a light rare-earth such as Nd or Sm, provi
some additional magnetization and, most important, a h
magnetic anisotropy. The appropriate combination of th
elements can lead to both a high magnetization and coe
ity and thus a strong magnet. Among the possible iron-r
materials, theRFe122xMx compounds, whereR is a rare-
earth andM is Ti, V, Cr, Nb, Mo, Ta, or W, with the I4/mmm
ThMn12 structure,1–4 are promising for their applications a
permanent magnet materials. This series of intermeta
compounds offers two main advantages as hard magn
materials; first, a high iron content which yields a high ma
netization and, second, a relatively high Curie temperat
especially for the titanium containing compounds. Hence
good deal of attention has been devoted to these tetrag
compounds5–7 and, because of its excellent propertie
SmFe11Ti has been identified as potentially the most pro
ising compound.8–10
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In general, the insertion of light elements, such as hyd
gen, carbon, or nitrogen, into the structure of a rare-ea
transition metal intermetallic compound has a dramatic a
beneficial effect upon the compound’s magnetic propertie11

Indeed, the insertion of interstitial elements into theRFe11Ti
compounds leads to large changes in their structural
magnetic properties.8,9,12–15

ErFe11Ti, as well as several other RFe11Ti
compounds,16–18exhibit a spin reorientation at low tempera
ture, a spin reorientation which has been extensiv
studied.10,19–23The influence of interstitial hydrogen on th
magnetocrystalline anisotropy of ErFe11Ti has also been
reported21 earlier.

Herein, we investigate the influence of the insertion
hydrogen into the crystal lattice of ErFe11Ti upon its spin
reorientation and, more specifically, the iron sublattices
combining macroscopic isothermal magnetization and
susceptibility measurements with microscopic iron-57 Mo¨ss-
bauer spectral measurements.

II. EXPERIMENT

ErFe11Ti has been synthesized in a water cooled cop
crucible by melting 99.95% pure elements in a hig
frequency induction furnace. A high homogeneity w
achieved by annealing the sample at 1200 K for 10 days.
hydrogen insertion was carried out under 20 bar of H2 gas
4 © 2003 American Institute of Physics
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TABLE I. The lattice parameters, Curie temperatures, and saturation magnetizations of ErFe11Ti and ErFe11TiH

Compound a (Å) c (Å) c/a V (Å 3) TC (K) Ms
5 K (mB /f.u.) Ms

300 K (mB /f.u.)

ErFe11Ti 8.481~1! 4.783~1! 0.56391 344.1 518~4! 9.8 14
ErFe11TiH 8.519~1! 4.791~1! 0.56233 347.6 574~6! 10.6 15
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after a short thermal activation was used to initiate the ins
tion. The hydrogen content was determined by the gravim
ric mass-gain method.

X-ray diffraction patterns were recorded with a Guinie
Hägg focusing camera and 1.9373 Å FeKa1 radiation; sili-
con powder was used as an internal standard. The la
parameters have been refined from 24 observed Bragg re
tions.

The thermomagnetic analyses of the samples, sealed
silica tube under hydrogen gas to avoid oxidation and hyd
gen loss, were performed on a Faraday balance. The iso
mal magnetization curves were obtained at 5 and 300 K w
the extraction method24 in a dc field of up to 7 T. The satu
ration magnetization values have been derived,
discussed24 earlier by extrapolation to zero field of the ma
netization results obtained in fields above 4 T. The lo
temperature ac magnetic susceptibilities were obtained o
computer controlled mutual inductance susceptometer25 at an
exciting field of 1024 T and a frequency of 120 Hz. A lock-in
amplifier was used to measure the complex susceptibi
xac5x82 j x9, wherex8 is the initial susceptibility, a quan
tity which is related to the variation in the sample magne
zation, andx9 is nonzero if magnetic energy is absorbed
the sample. The temperature dependence of the real com
nent,x8, and the imaginary component,x9 of the ac suscep
tibility were measured in order to determine the temperatu
of the magnetic phase transitions. These measurement
very sensitive to the onset of the magnetic phase trans
caused by changes in the anisotropy energy. The real pa
the ac susceptibility is determined predominately by
changes in both the magnetic anisotropy energy and
domain-wall energy, whereas the imaginary ac susceptib
reflects energy absorption by the sample, an energy whic
mainly derived from domain-wall movement.

The Mössbauer spectra were measured between 4.2
295 K on a constant-acceleration spectrometer which utili
a rhodium matrix cobalt-57 source and was calibrated
room temperature witha-iron foil. The Mössbauer spectra
absorbers contained 35 mg/cm2 of powdered sample which
had been sieved to a 0.045 mm or smaller diameter par
size. The low-temperature spectra were obtained in a J
Super-varitemp cryostat and the temperature was contro
with a Lakeshore Cryogenics temperature controller with
accuracy of better than 1% of the observed temperature.
resulting spectra have been fit as discussed next and th
timated errors are at most6 0.2 T for the hyperfine fields
and their changes upon hydrogenation,6 0.01 mm/s for the
isomer shifts and their changes, and6 0.02 mm/s for the
quadrupole shifts and their changes. The observed linewi
were typically 0.3860.02 mm/s.
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III. STRUCTURAL AND MAGNETIC RESULTS

ErFe11Ti crystallizes in the ThMn12 tetragonal structure
with space group I4/mmm. In this structure, the iron ato
occupy three inequivalent crystallographic sites, the 8f, 8i,
and 8j sites, and the erbium occupies the 2a site. The tita-
nium atoms are found12,26,27only on the 8i site, the largest of
the three iron sites. Neutron diffraction investigations12,27 in-
dicate that the hydrogen is inserted into the 2b site, an octa-
hedral site with two erbium and four 8j near neighbors. Con
sequently, the maximum hydrogen uptake per formula un
one. Gravimetric analysis of ErFe11TiH indicates that the
maximum hydrogen uptake has been achieved and that t
is one hydrogen atom per formula unit.

The lattice parameters and the unit-cell volume
ErFe11Ti and ErFe11TiH are given in Table I. Hydrogen in-
sertion induces a significant increase of 3.5 Å3 or one percent
in the unit-cell volume. This increase is anisotropic and o
curs mainly in the (a,b) basal plane. Both the lattice param
eters and their increase upon hydrogenation are significa
larger than previously reported.23 This larger increase prob
ably indicates that the hydrogen uptake in the ErFe11TiH
sample studied earlier was less than in the sample stu
herein.

The insertion of hydrogen into ErFe11Ti to form
ErFe11TiH produces a significant increase in the Curie te
perature from 518 to 574 K. In the earlier study,23 a smaller
increase from 515 to 563 K has been reported, a sma
increase which also indicates that the hydrogen uptake
less than one in the earlier study. Similar increases in C
temperature have been reported3,9,28–30 for several isotypic
compounds. These increases are related to the increase
iron–iron interatomic distances and the concomitant incre
in the 3d23d magnetic exchange interactions.

The isothermal magnetization curves shown in Fig
reveal that the insertion of hydrogen into ErFe11Ti increases
the 5 K saturation magnetization from 9.8 to 10.6mB per
formula unit, and the 300 K values from 14 to above 15mB

per formula unit. The saturation magnetization is larger
300 K than at 5 K because the erbium contribution to
magnetization is opposed to the iron contribution and
creases rapidly with increasing temperature. Further, at
K ErFe11TiH exhibits a larger high-field susceptibility21 than
does ErFe11Ti.

The spin-reorientation temperature was determined fr
the anomaly in the temperature dependence of the ac m
netic susceptibility, a technique which is known18,31 to be
very sensitive to changes in the magnetization direction
rare-earth transition-metal intermetallic compounds.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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As is shown in Fig. 2 by the closed symbols, both t
real and imaginary parts of the ac susceptibility of ErFe11Ti
exhibit sharp peaks at 50 K, peaks which are undoubte
assigned to the spin reorientation observed at this temp
ture. Indeed, in ErFe11Ti, the easy magnetization direction
known18 to change from parallel to thec axis above 50 K to
canted from thec axis below 50 K. Because in theRFe11Ti
structure, the iron sublattices favor a uniaxial magnetic
isotropy parallel to thec axis and erbium, like samarium, ha
a positive second-order Stevens coefficient,aJ , which rein-
forces the uniaxial magnetic anisotropy, ErFe11Ti would be
expected to maintain this uniaxial anisotropy at all tempe
tures. However, the sixth-order crystal-field term is partic
larly important for erbium because of its large positi
Stevens coefficient, gJ . Hence, it is generally
accepted16–18,23,32that the spin reorientation observed at

FIG. 1. The isothermal magnetization of ErFe11Ti, closed symbols, and
ErFe11TiH, open symbols.

FIG. 2. The temperature dependence of the ac magnetic susceptibilit
ErFe11Ti, closed symbols, and ErFe11TiH, open symbols.
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K in ErFe11Ti is due to the sixth-order term in the anisotrop
energy, a term which gains importance as the temperatu
lowered. In studies of ErFe11Ti single crystals,16,23 the spin
reorientation has been described as a transition from
alignment of the magnetic moments along thec axis above
50 K to a so-called ‘‘easy-cone’’ magnetic structure below
K. At temperatures below the spin-reorientation temperatu
the magnetization tilts16–18 progressively away from thec
axis to reach a maximum tilt of;20°.

Both the real and imaginary portions of the ac susce
bility of ErFe11TiH exhibit steplike changes at;40 K as is
shown in Fig. 2 by the open symbols. A peak at 41 K h
also been observed23 in the remanent magnetization o
ErFe11TiH and assigned to a spin reorientation similar to th
observed for ErFe11Ti. However, the completely differen
temperature dependencies of the ac susceptibility
ErFe11Ti and ErFe11TiH may indicate that the spin reorien
tations may be of a different nature. The persistence of
spin reorientation in ErFe11TiH at only a slightly smaller
temperature than in ErFe11Ti, indicates that the interstitia
hydrogen atoms do not drastically modify the electric-fie
gradient at the erbium site. However, it is difficult to pred
the influence of the inserted hydrogen on the anisotropy
rameters, particularly the higher-order crystal-field terms,
the erbium sublattice anisotropy.

In the isotypic GdFe11Ti and GdFe11TiH compounds, Is-
nard et al.28 have shown by gadolinium-155 Mo¨ssbauer
spectroscopy that hydrogen insertion increases the elec
field gradient at the gadolinium site and enhances
second-order contribution of the gadolinium sublattice to
magnetocrystalline anisotropy. Because there are no exp
mental results on the influence of hydrogen insertion on
crystal field terms above the second order, to our knowled
it is difficult to predict the evolution of the ErFe11Ti mag-
netic phase diagram versus hydrogen content. In orde
investigate the effect of the hydrogen insertion on the ir
sublattices, we have carried out an iron-57 Mo¨ssbauer spec
tral study of ErFe11Ti and ErFe11TiH between 4.2 and 295 K

IV. MÖSSBAUER SPECTRAL MEASUREMENTS

The Mössbauer spectra of ErFe11Ti and ErFe11TiH ob-
tained between 4.2 and 295 K are shown in Figs. 3 and
respectively. Because iron atoms occupy the three inequ
lent 8f, 8i, and 8j crystallographic sites and the titanium a
oms occupy only the 8i sites, at least three sextets assign
to the 8f, 8i, and 8j sites, with relative areas in the ratio o
8:6:8 arerequired to fit the spectra. However, as alrea
noted3 in our study of CeFe11Ti and CeFe11TiH, these three
sextets must be further subdivided to take into account
distribution of the titanium atoms in the neighborhood of t
three iron sites.

The random occupation of the the 8i sites by the titanium
atoms results in a binomial distribution of the titanium ne
neighbors of the three iron sites. Hence, the 8i sextet is sub-
divided into three sextets with 6.47, 10.79, and 9.98 perc
areas, and each of the 8f and 8j sextets is subdivided into
three sextets with 11.51, 15.34, and 9.52 percent areas,
tets which represent the iron with zero, one, and two or m

for
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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3417J. Appl. Phys., Vol. 93, No. 6, 15 March 2003 Piquer et al.
titanium near neighbors, respectively. Hence, at least n
sextets, with their areas fixed to the aforementioned rela
values, are required to accurately model the Mo¨ssbauer spec
tra of ErFe11Ti and ErFe11TiH above their spin-reorientation
temperatures in the uniaxial magnetic phase. Below the s
reorientation temperatures in the conical magnetic ph
even more sextets are required~see next!. It should be noted
that the presence of 5% percent ofa-iron has been observe
in the spectra of ErFe11TiH and has been fit with a sexte
with hyperfine parameters constrained to the known hyp
fine parameters ofa-iron.

Three hyperfine parameters define each sextet, the
perfine field,H, the isomer shift,d, and the quadrupole shift
«. In order to both build in constraints into the model a

FIG. 3. The Mössbauer spectra of ErFe11Ti obtained at the indicated tem
peratures.
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reduce the number of adjustable parameters, we assume
the three hyperfine parameters for each crystallographic
inequivalent iron site vary linearly with the number,n, of
titanium near neighbors, as given by

Hn5H01nDH,

dn5d01nDd,

and

«n5«01nD«,

whereH0 , d0 , and«0 are the hyperfine field, isomer shif
and quadrupole shift, respectively, for zero titanium ne
neighbor andDH, Dd, andD«, are the changes in the hy
perfine field, isomer shift, and quadrupole shift, respective

FIG. 4. The Mössbauer spectra of ErFe11TiH obtained at the indicated tem
peratures.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE II. Mössbauer hyperfine parameters for ErFe11Ti

Parameter T (K) 8i 8 j 8f Wt. average

H0 (DH) (kOe) 4.2 341 (217) 321 (218) 270 (220) 283
30 339 (217) 303 (219) 269 (223) 280
70 336 (218) 301 (219) 270 (223) 279
85 336 (218) 301 (220) 270 (223) 279

155 329 (218) 294 (220) 264 (223) 273
225 316 (217) 279 (218) 254 (223) 261
295 293 (217) 257 (217) 236 (222) 241

d0 (Dd) (mm/s) 4.2 0.150 (20.024) 0.007 (20.027) 20.013 (0.002) 0.023
30 0.143 (20.028) 0.011 (20.020) 20.036 (0.024) 0.023
70 0.115 (20.010) 0.010 (20.022) 20.055 (0.035) 0.016
85 0.111 (20.015) 0.001 (20.022) 20.059 (0.030) 0.007

155 0.101 (20.030) 20.022 (20.019) 20.101 (0.040) 20.019
225 0.045 (20.027) 20.052 (20.026) 20.149 (0.045) 20.063
295 20.011 (20.025) 20.102 (20.028) 20.194 (0.044) 20.113

«0 (D«) (mm/s) 4.2 0.118 (20.021) 0.024~0.015! 0.069~0.011! 0.068
30 0.106~0.008! 0.006~0.028! 0.063~0.018! 0.072
70 0.122~0.012! 0.008~0.027! 0.022~0.030! 0.067
85 0.128~0.012! 0.009~0.024! 0.035~0.030! 0.073

155 0.121~0.011! 20.006 (0.038) 0.019~0.045! 0.069
225 0.114~0.001! 20.023 (0.076) 20.047 (0.075) 0.058
295 0.091~0.001! 20.026 (0.085) 20.044 (0.080) 0.056
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for one additional titanium near neighbor. A similar line
dependence of the hyperfine field on the number of subs
tional near-neighbor atoms has been successfully used33–36in
the analysis of the Mo¨ssbauer spectra of theR2Fe172xMx

solid solutions. Hence, above the spin-reorientation temp
ture, the Mössbauer spectra of ErFe11Ti and ErFe11TiH are fit
with nine sextets, which involve 18 hyperfine paramete
one linewidth, and one total absorption area. A similar mo
has been used37 to fit the Mössbauer spectra of YFe11Ti and
YFe11TiH at 20 and 295 K. As is shown in Figs. 3 and 4, a
the fits above the spin-reorientation temperature of 50 K
very good and their hyperfine parameters are given in Ta
II and III.
Downloaded 14 Oct 2003 to 139.165.103.23. Redistribution subject to A
u-

a-

,
l

re
es

Below the spin-reorientation temperature, a further s
division of the three sextets assigned to each inequiva
iron site may be necessary. Because of the canting of the
magnetic moments and, consequently, of the hyperfine fi
away from thec axis, multiple relative orientations of th
principal axis of the electric-field gradient and of the hype
fine field occur and yield different angles,u, between these
two directions and hence different quadrupole shifts. A clo
examination of the symmetry at the three iron sites indica
that, if the hyperfine field is tilted away from thec axis, there
is no further subdivision of the sextets representing thef
site, whereas there is a further subdivision of those repres
ing the 8i and 8j sites. Each sextet assigned to the 8i and 8j
TABLE III. Mö ssbauer hyperfine parameters for ErFe11TiH

Parameter T (K) 8i I 8i II 8 j I 8 j II 8f Wt. average

H0 (DH) (kOe) 4.2 358 (227) 354 (224) 326 (222) 331 (217) 291 (224) 299
30 357 (227) 352 (224) 324 (221) 331 (218) 290 (224) 298
60 352 (226) ••• 328 (222) ••• 292 (226) 297
85 352 (226) ••• 327 (222) ••• 291 (226) 296

155 344 (225) ••• 316 (221) ••• 284 (225) 289
255 329 (224) ••• 304 (220) ••• 272 (225) 276
295 311 (223) ••• 287 (218) ••• 256 (224) 261

d0 (Dd) (mm/s) 4.2 0.103~0.079! ••• 20.015 (20.011) ••• 20.044 (0.049) 0.044
30 0.102~0.079! ••• 20.015 (20.011) ••• 20.048 (0.049) 0.042
60 0.085~0.083! ••• 20.008 (20.008) ••• 20.066 (0.048) 0.036
85 0.086~0.079! ••• 20.014 (20.011) ••• 20.068 (0.049) 0.031

155 0.053~0.077! ••• 20.051 (20.004) ••• 20.097 (0.051) 0.000
225 20.012 (0.085) ••• 20.095 (0) ••• 20.143 (0.053) 20.045
295 20.076 (0.093) ••• 20.140 (20.009) ••• 20.172 (0.048) 20.092

«0 (D«) (mm/s) 4.2 0.209 (20.043) 20.076(0.236) 20.018 (0.064) 0.046 (20.075) 0.042~0.033! 0.073
30 0.254 (20.036) 20.080 (0.212) 0.011~0.029! 0.040 (20.016) 0.035~0.040! 0.080
60 0.123~0.096! ••• 20.037 (0.038) ••• 20.002 (0.057) 0.082
85 0.127~0.098! ••• 20.036 (0.035) ••• 0.007~0.055! 0.085

155 0.084~0.121! ••• 20.051 (0.052) ••• 20.021 (0.082) 0.080
225 0.070~0.119! ••• 20.072 (0.042) ••• 0.003~0.076! 0.071
295 0.041~0.140! ••• 20.096 (0.047) ••• 0.009~0.073! 0.064
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 5. The temperature dependence of the maxim
hyperfine fields,H0 , at the three iron sites and the
average in ErFe11Ti ~a! and ErFe11TiH ~b!.
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sites is subdivided into two sextets of equal relative ar
with identical isomer shifts but different quadrupole shi
and slightly different hyperfine fields. This sextet subdivisi
is well established for theR2Fe17 compounds, see for in
stance Ref. 39. Hence, below the spin-reorientation temp
ture, the Mössbauer spectra of ErFe11TiH are modeled with
15 sextets, which involve 26 hyperfine parameters, one l
width, and one total absorption area. In contrast, in the c
of ErFe11Ti, for which the canting angle18 of the moments
from thec axis is small at only;20°, the further subdivision
of the 8i and 8j sextets was not necessary in order to obt
good fits below the spin reorientation. The fits below the s
reorientation, as may be seen in Figs. 3 and 4, are very g
and their hyperfine parameters are also given in Table
and III.

Because of the number of parameters just mentione
would seem that it should be easy to obtain good fits but
the fits may be far from unique. Hence, in Sec. V, we disc
the temperature dependencies of the hyperfine param
and indicate how they give confidence to the spectral an
sis, its physical meaning, and the extent of its uniquen
Our experience indicates that it is not as easy as migh
expected to find good fits of the observed spectra espec
when physically viable changes in the hyperfine parame
with temperature are imposed upon the fits. Indeed, we h
not been able to find an alternative model that both provi
good fits and viable trends in the hyperfine parameters w
temperature, but such an undiscovered model may, of cou
exist.

V. DISCUSSION

A. Hyperfine fields

The assignment and temperature dependence of the
hyperfine fields for zero titanium near neighbor and th
weighted average for ErFe11Ti and ErFe11TiH are shown in
Figs. 5~a! and 5~b!, respectively. A Wigner–Seitz ce
analysis38 of the three inequivalent iron sites in ErFe11Ti and
ErFe11TiH indicates that the 8i site has at 11.75 the large
average number of iron near neighbors, whereas the 8f and 8j
Downloaded 14 Oct 2003 to 139.165.103.23. Redistribution subject to A
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iron sites have only nine iron near neighbors. Consequen
the sextets with the largest hyperfine field,H0 , have been
assigned to the 8i site, both on the basis of its percent co
tribution and its iron near-neighbor environment. As is ind
cated next, this assignment is further supported by the
served isomer shift values. Because of both their ident
constrained percentage areas and iron near-neighbor env
ments, it is not possible to unequivocally assign the 8f and 8j
sextets on the basis of their fields and their assignmen
based on the isomer shift~see next!. If the threeH0 hyperfine
fields increase upon hydrogen insertion, the sequence of
perfine fields, 8i .8 j .8 f , remains unchanged as is show
in Fig. 5~b!. Indeed, a Wigner–Seitz cell analysis38 indicates
that, in addition to the lattice expansion, hydrogen insert
adds only one hydrogen to the near-neighbor environmen
the 8j site; the 8f and 8i sites do not have any hydrogen ne
neighbors.

The temperature dependence of the increase in the t
hyperfine fields upon hydrogenation is shown in Fig. 6. T
three hyperfine fields increase because of the lattice ex
sion and the 8j hyperfine field increases the most because
its added near-neighbor hydrogen. Similar increases in
perfine field upon hydrogenation or nitrogenation of seve
R2Fe17 compounds have been observed.31,39,40The larger in-
creases observed at 295 K in Fig. 6 result because the C
temperature of ErFe11Ti is closer to 295 K than is that o
ErFe11TiH.

The changes in the hyperfine field per titanium ne
neighbor are22.560.2 T for the 8f and 8i sites and22.0
60.2 T for the 8j site, where the errors reflect the variatio
in the difference with temperature between 4.2 and 295
Hence, we can conclude, as expected, that these change
relatively independent of temperature below 295 K. The o
served decreases in the hyperfine fields upon the replace
of one iron by one titanium near neighbor are very similar
those observed3,37 in both YFe11Ti and CeFe11Ti and their
hydrides and are within the range of21.1 to26 T observed
in a spinel oxide41 and in Nd2Fe16Ti, 42 respectively.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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B. Isomer shifts

The assignment and the temperature dependence o
three site average isomer shifts, and their weighted aver
for ErFe11Ti and ErFe11TiH are shown in Figs. 7~a! and 7~b!,
respectively. The site average isomer shifts have been ca
lated from thedn values weighted with the percent contrib
tion given by the binomial distribution. In agreement wi
the Wigner–Seitz cell analysis38 of the three inequivalen
iron sites, the sequence of isomer shifts, 8i .8 j .8 f , fol-
lows the sequence of Wigner–Seitz cell volumes. Suc
relationship between isomer shifts and Wigner–Seitz
volumes has been observed in manyR2Fe17 compounds.39,40

The overall increase in unit-cell volume accounts for the
crease in the weighted average isomer shift upon hydrog
tion. All of the 295 K isomer shifts are negative relative
a-iron as has been observed43,44 in other iron–titanium com-
pounds.

The temperature dependence of the weighted ave
isomer shifts shown in Fig. 7 has been fit45,46with the Debye

FIG. 6. The hyperfine field difference between ErFe11Ti and ErFe11TiH for
the three iron sites and their average.
Downloaded 14 Oct 2003 to 139.165.103.23. Redistribution subject to A
the
e,

u-

a
ll

-
a-

ge

model for the second-order Doppler shift. For both co
pounds, the resulting effective vibrating mass46 is, as ex-
pected, 57 g/mol and the effective Mo¨ssbauer temperature i
360610 K. This temperature is typical of an intermetall
compound31,40,47and it would appear that the addition of th
hydrogen has rather little influence on the Mo¨ssbauer tem-
perature even though there is a one percent expansion o
lattice upon hydrogenation.

The relationship between isomer shifts and the Wigne
Seitz cell volumes is shown in Fig. 8. Upon hydrogenatio
the Wigner–Seitz cell volumes3,38 of the 8f and 8i sites in-
crease, whereas that of the 8j site decreases slightly. Th
changes in the isomer shift correlate well with those in
Wigner–Seitz cell volumes because the 8f and 8i isomer
shifts increase upon hydrogenation, whereas the 8j isomer
shift decreases, see Figs. 7~a! and 7~b!.

The changes in the isomer shift per titanium near nei
bor are virtually independent of temperature at 0.04
20.03, and20.03 mm/s for ErFe11Ti and 0.05, 0.08, and

FIG. 8. The correlation between the isomer shift and the Wigner–Seitz
volume of the three iron sites in ErFe11Ti and ErFe11TiH.
e
ts
FIG. 7. The temperature dependenc
of the three site average isomer shif
and their average in ErFe11Ti ~a! and
ErFe11TiH ~b!.
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20.01 mm/s for ErFe11TiH, for the 8f, 8i, and 8j sites, re-
spectively. Such small changes have been observed3,37 in
YFe11Ti and CeFe11Ti and their hydrides. However, it seem
difficult to rationalize the sign of these changes.

C. Quadrupole shifts

The observed quadrupole shifts in the Mo¨ssbauer spectra
of ErFe11Ti and ErFe11TiH are small and lie between 0 an
0.2 mm/s and their changes upon hydrogenation are v
small at between 0 and 0.1 mm/s. Small quadrupole sh
are expected because Mo¨ssbauer spectral studies48 at 295 K
of some related paramagneticRFe11Ti and RFe11Mo com-
pounds yield quadrupole splittings of at most 0.6 mm/s.

VI. CONCLUSIONS

From a macroscopic point of view, the insertion of h
drogen into ErFe11Ti to form ErFe11TiH expands the lattice
by 1%, increases the Curie temperature by 56 K, increa
the saturation magnetization by 1mB per formula unit at both
5 and 300 K, and decreases the spin-reorientation temp
ture by;10 K. From a microscopic point of view, the inse
tion of hydrogen increases all three iron hyperfine fields
agreement with the observed lattice expansion, increase
iron-57 isomer shifts of the 8f and 8i sites, and decreases th
isomer shift of the 8j site, all changes that are in agreeme
with the changes in Wigner–Seitz cell volume upon hyd
gen insertion. The presence of one titanium near neighbo
the environment of an iron site decreases the hyperfine
by ;2 T and changes the isomer shift by;0.05 mm/s.
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