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Abstract

ac Magnetic susceptibility measurements have been carried out onyTudied LuFg; TiH and reveal the absence of any spin-reorientation
between 4.5 and 293 K. Iron-57ddsbauer spectral measurements between 4.2 and 295 K have been carried out;ehi @ndreuFe; Ti
and their respective hydrides, SmEFeEH and LuFe;TiH. The Mdssbauer spectra have been analyzed with a model that considers both the
orientation of the iron magnetic moments and the distribution of titanium atoms in the near neighbor environment of the three crystallo-
graphically distinct iron sites. The assignment and the temperature dependence of the hyperfine fields are in complete agreement with tt
unit cell volume and its expansion upon hydrogenation and with those observed in the relaiell Rt RFe; TiH compounds. The site
assignments and their temperature dependencies of the isomer shifts are in complete agreement both with the Wigner—Seitz cell volumes
the inequivalent iron sites and the crystallographic changes upon hydrogen insertion.
© 2004 Published by Elsevier B.V.
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1. Introduction and GdFeiTiH exhibit a small K anisotropy constant of
1.5 MJ/n®. Lutetium, like gadolinium has no orbital moment

Among the RF¢ Ti compounds, where R is a rare earth, because of a filled 4f shell, and the anisotropy constamis

that crystallize in the ThMgp 14/mmmtetragonal structure  of LuFey;Ti and LuFa;TiH are 1.92 and 2.13 MJ/f re-

[1-8], SmFa;Ti, GdFe1Ti, and LuFea;Ti exhibit[9] an ax- spectively. In this case, the anisotropy is again dominated by

ial magnetic anisotropy, an anisotropy, which is preserved the iron sublattices. The small increase in theagisotropy

[8—12]in their hydrides. The same behavior is obserjs] constant upon hydrogenation presumably requaf§ from

in CeFq1Ti and its hydride. In the RRgTi compounds, an increase in iron magnetic moment that is associated with

the iron sublattices favor the axial magnetic anisotropy, an the unit-cell expansion.

anisotropy thatis reinforced by the samarium uniaxial magne-  We have carried out a systematiébtbauer spectral study

tocrystalline anisotropy in Smi€Ti and is further increased  of the RFe;Ti compounds[16—22]between 4.2 and 295K.

[8,14] by the insertion of hydrogen to form Smi&iH, as Inallthese compounds, the rare-earth atom carries amagnetic

is indicated by an increase in the; Kanisotropy constant  moment and contributes to the hyperfine fields measured in

from 3.9 to 4.7 MJ/r. In contrast, gadolinium, which has the iron-57 Myssbauer spectra. In contrast, in LyfR®, the

no orbital moment because of a half-filled 4f shell, does lutetium does not carry a magnetic moment and, hence, the

not reinforce the axial magnetic anisotropy; both Gdfe iron hyperfine fields result only from the iron magnetic mo-
ments. Hence, it is interesting to investigate this compound
* Corresponding author. by Mossbauer spectroscopy in order to separate the effects of
E-mail addressfgrandjean@ulg.ac.be (F. Grandjean). the rare-earth sublattices from those of the iron sublattices.
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In this paper, we report and analyze the iron-5@dgbauer lattice parameters are summarizedable 1 The lattice pa-
spectra of both SmkeTi and LuFa1Ti and their hydrides rameters are in agreement with earlier measureni@dis
with the goal of comparing the effect of a magnetic and a and are typical of the RkgTi compounds with the expected,
non-magnetic rare-earth atom on the magnetic properties ofessentially constant/a ratio of 0.56 and the typical unit cell
the iron sublattices. volume expansion of ca.33 upon hydrogenation. The sig-
nificant decrease in the lattice parameters in going from the
Sm to the Lu compounds is expected and is a consequence
2. Experimental of the lanthanide contraction.
The magnetic properties of Smf&i, SmFeq1TiH,
SmFaq;Ti and LuFq;Ti have been synthesized and their LuFe;;Ti, and LuFg1TiH, which are also summarized in

hydrogenation was carried out as described ed#]etravi- Table 1 are typical of these compounds and show the ex-
metric mass-gain analysis indicates that the accuracy of thepected ca. 10% increase in the Curie temperature.
hydrogen content in the hydrides4€.1 per formula unit. There are some significant differences between the lattice

The ac magnetic susceptibilities have been measured orparameters and Curie temperatures of the samples measured
a computer controlled mutual inductance susceptonfi2sgr herein and those reported by Nikitin et 4] These differ-
at a frequency of 120 Hz in an exciting field of T0T. A ences no doubt result from slight differences in the titanium
lock-in amplifier was used to determine the complex suscep- and/or the hydrogen content of the two sets of samples. For
tibility, xac=x’ — jx”, wherey’ is the initial susceptibility, a  instance, the previously observi#l] lower Curie temper-
susceptibility that is related to the changes in the sample mag-atures of LuFg Ti and LuFeg4TiH probably result from a
netization, ang” is non-zero if magnetic energy is absorbed lower titanium and/or hydrogen content than in the samples
by the sample. studied herein. The difference between the unit-cell volume
The Mossbhauer spectra were measured between 4.2 andncrease upon hydrogenation of SmEE and LuFa Ti re-
295K on a constant-acceleration spectrometer, which uti- ported inTable 1and those previously reportdd4] also
lized a rhodium matrix cobalt-57 source and was calibrated at results from differences in titanium and hydrogen content.
room temperature with-iron foil. The Mdssbauer spectral The ac magnetic susceptibility and high field magneti-
absorbers contained 35 mg/&mf powdered sample which  zation studies between 4.5 and 300K of the same samples
had been sieved to a 0.045mm or smaller diameter parti-of SmFa1Ti and SmFe;TiH as used herein have been re-
cle size. The low temperature spectra were obtained in aported[8] earlier. This earlier investigation has indicated the
Janis Super-Varitemp cryostat and the temperature was conabsence of any magnetic transitions in either compound and
trolled with a Lakeshore Cryogenics temperature controller confirms that the easy axis of magnetization is parallel with
with an accuracy of better than 1% of the observed temper- the tetragonal c-axis of the unit cell between 4 and 300 K.
ature. The resulting spectra have been fit as discussed below The temperature dependence of the real componént,
and the estimated errors are at m6t2 T for the hyperfine  and the imaginary componeny,, in the ac susceptibility of
fields and their changes per additional titanium near neigh- LuFe;;1Ti and LuFeq;TiH is shown inFig. 1L The absence
bor,4-0.01 mm/s for the isomer shifts and their changes, and of any sharp transition iny”, is an excellent indication of
+0.02 mm/s for the quadrupole shifts and their changes. Thethe absence of any spin-reorientations in these samples upon
observed line widths were between 0.36 and 0.39 mm/s.  cooling, an observation that is, both expected and consis-
tent with the Stevens coefficients of Lu. The broad changes
in both the x’and x” components of the ac susceptibility

3. Structural and magnetic studies of LuFe1Ti and LuFq4TiH, observed between ca. 150 and
250K are reminiscent of the magnetic after effects already
The powder X-ray diffraction patterns of Smiz&i, observed in several intermetallic compounds, such aseFe

SmFa;TiH, LuFe1Ti, and LuFe4TiH indicate that they [25] and RFe4B [26] and analyzed in detail by Monner et
crystallize with the tetragonbdd/mmmThMny structure. The al.[27].

Table 1
Lattice parameters and magnetic properties
Compound a(d) c(A) cla V (A3) Te (K) Msat (ug) at 300 K Msat (ug) at 5 K
SmFa;Ti 8.558 (1) 4789 (1) 0556 3508 (2) 591 173 193
SmFa;TiH 8.573(2) 4808 (1) 0561 3534 (3) 634 18 193
Inc. 0015 Q019 - 26 43 Q9 0.0
%Inc. 018 040 - Q74 73 5.20 00
LuFeTi 8.462 (1) 4779 (1) 0565 3422 (2) 498 152 160
LuFey; TiH 8.501 (2) 4783 (1) 0563 3457 (3) 558 153 1715
Inc. 0.039 Q004 - 35 60 Q1 115

%lnc. 046 008 - 102 120 0.66 719
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1.0 Three hyperfine parameters define each of the above sex-
] tets, the magnetic hyperfine field, the isomer shift§, and
1 08 the quadrupole shift,. In order to both reduce the number of

variables and to build in constraints into the model, it has been

5 . = assumed herein that the three hyperfine parameters for each
u;“i 1%¢ & inequivalent iron site will vary linearly with n, the number of
% ] = titanium near neighbors, such that
z 0.4 X
= 1 £ H, = Hy+nAH,
192 8 = 80+ nAs,
] and
- 0.0
— 0.5 &, = &0 +nAe,
, whereHy, §p, andeg are, respectively, the magnetic hyper-
-4 0.0 S : . . .
] fine field, isomer shift, and quadrupole shift, corresponding
105 to zero titanium near neighbors amH, Ag, and As, are

the respective changes observed for one additional titanium
near neighbor. A similar linear dependence of the hyperfine
field on n has been successful in our eafl&8—31]analyses

of the Mossbauer spectra of a variety offe 7 M, solid
solutions. This model, has led to the components and the fits
shown inFigs. 2 and 3includes 18 hyperfine parameters,

x % 10° (a.u.)
|
5

x" % 108 (a.u.)

B ] 20 one line width, and one total absorption area. The resulting
[ T N DTS P L] hyperfine parameters are givenTiables 2-5
0 50 100 150 200 250 300 One would expect that the large number of fitting param-
temperature (K) eters should easily lead to good but perhaps far from unique

fits. Hence, to give added confidence to our spectral analysis
Fig. 1. The temperature_ dependence of the ac magnetic susceptibility ofWe use the temperature dependencies of the hyperfine param-
LuFe1Ti (@) and LuFeg;TiH (b). . . .
eters to both improve upon the uniqueness of our fits and to
provide a further physical constraint upon the fits. Past ex-
perience indicates that it is not as easy to obtain good fits of
4. Mossbauer spectral studies the observed spectra as might be anticipated, especially when
physically viable changes in the hyperfine parameters with
The Mossbauer spectra of Smfr&i and LuFe4Ti and temperature are imposed upon the fits. Thus, so far we have
their respective hydrides, obtained between 4.2 and 295 Knot been able to find an alternative model that both provides
are shown irFigs. 2 and 3respectively. good fits and viable changes in the hyperfine parameters with
In all four of the compounds under study, the iron occupies temperature, but such an undiscovered model may, of course,
three crystallographically inequivalent sites, the 8f, 8i, and 8; exist.
sites whereas titanium occupies only the 8i sites. Thus, three
sextets assigned to the 8f, 8i, and 8] sites, with relative areas
in the ratio of 8:6:8 are required to fit the spectra. However, 5. Discussion
as already observed for many relaf@8—22]RFe 1 Ti com-
pounds and their hydrides, these three sextets must be furtheb.1. Hyperfine fields
subdivided because of the random distribution of the titanium,
whichis a near neighbor to each of the three iron sites. Hence, The assignment along with the temperature dependence of
based on a binomial distribution, the 8i sextet is subdivided the three hyperfine fields for zero titanium near neighbor and
into three component sextets with 6.47, 10.79, and 9.98% ar-their weighted average for Smh&i and LuFa1Ti and their
eas, whereas each of the 8f and 8j sextets is subdivided intorespective hydrides, are shownRigs. 4 and Srespectively.
three component sextets with 11.51, 15.34, and 9.52% ar-The Wigner—Seitz ce[B2] of the three inequivalentiron sites
eas; these sextets correspond, respectively, to iron with zerojn RFe 1 Ti and RFe4TiH has been used to show that the 8i
one, and two or more titanium near neighbors. Thus, at leastsite has 11.75 iron near neighbors, the largest average number
for compounds exhibiting a uniaxial magnetic structure, nine ofiron near neighbors. In contrast, the 8f and 8jiron sites each
sextets, with their areas constrained to the above relative val-have only nine iron near neighbors. Thus, on the basis of both
ues, are required to model thedssbauer spectra shown in  the number of near-neighbor ions and its relative area, the
Figs.2and 3 sextet with the largest hyperfine fieldg, has been assigned
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Fig. 2. The Mdssbauer spectra of Smiz&i (a) and SmFg TiH (b) obtained at the indicated temperatures.

to the 8i site, an assignment that is further supported by the The solid lines shown irFigs. 4 and 5are Brillouin
observed isomer shift values, see below. curves for spin 5/2; all the hyperfine fields follow these Bril-
The assignment of the remaining two sites is more dif- louin curves. The hyperfine fields observed in Smfe
ficult because of both their identical constrained percentageand SmFeg TiH (Tables 2-% are larger by 3—4T than
areas and their identical iron near neighbor environments. Asthose observed in Luk€li and LuFq1TiH. This differ-
aconsequence, because itis not possible to unequivocally asence in hyperfine fields indicates the importance of the
sign the 8f and 8] sextets on the basis of their fields or relative contribution of the magnetic moment carried by samar-
areas, their assignment is determined by their differing iso- ium.
mer shifts as is explained below. The resulting assignment of ~ The increase in the average hyperfine fields upon hydro-
the fields to the three iron sites is identical to that previously genationisca.1land 2T at4.2K, as is showRiiys. 4 and 5
used[33] for the SmFe;_,Co, compounds and the site av- for SmFa1Ti and LuFa;Ti, respectively. Similar increases
erage fields fitted in ref33] are smaller than the maximum in the hyperfine fields upon hydrogenation or nitrogenation of
fields reported infable 2 Although the threddg hyperfine several RFe;7 and RFe; Ti compounds have been observed
fields increase upon hydrogenation, the sequence of hyper{16—22,28-31]This increase in hyperfine field results in part
fine fields, 8i > 8j > 8f, remains unchanged as is shown in fromthe increase in unit cell volume upon hydrogenation and
Figs. 4 and 5In addition to the lattice expansion upon hy- the larger increase observed for LYFE results from the
drogenation, a Wigner—Seitz cell analyg@8] indicates that larger relative increase in unit-cell volume as is indicated in
only the 8j site has a hydrogen near neighbor; neither the 8f Table 1 The nearly temperature independent decreases in the
nor the 8i sites have any hydrogen near neighbors. hyperfine field per titanium near neighbor are betwedrb
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Fig. 3. The Mdssbauer spectra of Lufzdi (a) and LuFe 1 TiH (b) obtained at the indicated temperatures.

and—2.8 T for the three sites and are very similar to those served[28,37]in many RFe;7 compounds anfil6—22]in
observed16—22,34]in the other RFg Ti compounds and  the other RFgTi and their hydrides. The overall increase

their respective hydrides and are within the range freinl in unit-cell volume accounts for the increase in the weighted
to —6 T observed35,36]in a spinel oxide and in NdrejgTi, average isomer shift upon hydrogenation. Further, the iso-
respectively. mer shifts are smaller in LuUk€Ti and its hydride, than in
SmFaTiand its hydride, in agreement with the smaller unit
5.2. Isomer shifts cell volume observed in LukeTi and its hydride. Finally,

the 8i isomer shift does not substantially increase upon hy-

The assignment and the temperature dependence of th&lrogenation. This smaller increase is to be compared with a
three site average isomer shifts, and their weighted aver-decreasg22] in the 8i isomer shift upon hydrogenation of
age, for SmFgTi and LuFa;Ti and their respective hy-  GdFe Tito form GdFea;TiD.
drides, are shown iRigs. 6 and 7respectively. The site av- The temperature dependence of the weighted average
erage isomer shifts have been calculated fromsthealues isomer shift in SmFgTi and LuFe;Ti and their re-
weighted with the percent contribution given by the bino- spective hydrides, shown ifFigs. 6 and 7 has been
mial distribution. In agreement with the Wigner—Seitz cell fit [38,39] with the Debye model for the second or-
analysis[32] of the three inequivalent iron sites, the se- der Doppler shift. The resulting effective vibrating mass
quence of isomer shifts, 8i > 8j > 8f, follows the sequence [39] is 57g/mol and the effective Bksbauer temper-
of Wigner—Seitz cell volumes. Such a relationship between atures are 383, 402, 371, and 420K, for Smfg
isomer shifts and Wigner—Seitz cell volumes has been ob- SmFea1TiH, LuFe;1Ti, and LuFe1TiH, respectively. These
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Table 2
Mossbauer spectral hyperfine parameters for Saike
Parameter T (K) 8f 8i 8j Wt. Av.
Ho (AH) (T) 295 248 (—2.2) 315(-1.8) 282 (-1.8) 258
225 262 (—2.2) 335 (-1.7) 303 (—-1.7) 275
155 274 (—2.2) 341 (-1.7) 315 (-1.7) 285
85 280 (—2.4) 346 (-1.5) 319 (-1.5) 291
4.2 282 (-2.5) 350 (-1.6) 322 (-1.6) 293
802 (AS) (mm/s) 295 —0.167 (0.018) 013 (—0.003) —0.149 (0.012) —0.102
225 —0.105 (0.018) 085 (—0.003) —0.095 (0.012) —0.040
155 —0.065 (0.016) (122 (—0.003) —0.060 (0.012) —0.003
85 —0.038 (0.018) 0140 (—0.003) —0.034 (0.012) m21
4.2 —0.029 (0.018) 0165 (—0.003) —0.025 (0.012) 35
€0 (Ag) (mm/s) 295 0006 (0.054) 036 (0.057) —0.044 (0.051) 0050
225 Q035 (0.045) 085 (0.065) —0.090 (0.090) 069
155 Q0031 (0.034) 083 (0.081) —0.142 (0.116) 059
85 0028 (0.026) 089 (0.032) —0.086 (0.097) 55
42 0.071 (0.016) 068 (0.095) —0.112 (0.071) 72
@ Relative to room temperatureiron foil.
Table 3
Mossbauer spectral hyperfine parameters for Sqathe
Parameter T (K) 8f 8i 8j Wt. Av.
Ho (AH) (T) 295 261 (—2.4) 321 (-1.4) 314 (-2.8) 274
225 278 (—2.4) 335(-1.4) 326 (—2.8) 288
155 288 (—2.4) 343 (—1.4) 332 (-2.8) 296
85 290 (—2.4) 345 (-1.4) 337 (-2.8) 299
42 292 (-2.4) 348 (—1.4) 340 (-2.8) 302
802 (AS) (mml/s) 295 —0.078 (0.031) 076 (—0.019) —0.040 (—0.002) —0.018
225 —0.045 (0.031) 0115 (—0.019) —0.001 (—0.002) 0019
155 —0.020 (0.031) 0135 (—0.019) 0030 (—0.002) 0045
85 —0.002 (0.031) 0150 (—0.019) 0045 (—0.002) 0061
4.2 —0.002 (0.031) 0152 (—0.019) 0047 (—0.002) 0062
€0 (Ag) (mm/s) 295 0152 (0.055) (231 (0.006) —0.050 (0.073) 146
225 Q0120 (0.055) (200 (0.006) —0.045 (0.073) 25
155 Q080 (0.055) (0160 (0.006) —0.040 (0.073) 04
85 0030 (0.055) 0120 (0.006) —0.030 (0.073) w79
4.2 0.020 (0.055) (0105 (0.006) —0.021 (0.073) w74
a Relative to room temperatuteiron foil.
Table 4
Maossbauer spectral hyperfine parameters for LyFe
Parameter T (K) 8f 8i 8j Wt. Av.
Ho (AH) (T) 295 216 (-1.7) 284 (-1.7) 245 (—1.5) 229
225 236 (—1.9) 306 (-1.7) 267 (—1.5) 250
155 245 (—1.9) 320 (-1.8) 277 (-1.9) 260
85 252 (-1.9) 330 (-1.9) 285 (—1.5) 267
4.2 254 (-1.9) 332 (-1.8) 288 (-1.7) 269
802 (AS) (mm/s) 295 —0.156 (0.008) 14 (—0.026) —0.111 (-0.028) —-0.107
225 —0.110 (0.001) 050 (—0.023) —0.069 (—0.023) —0.066
155 —0.070 (0.002) 73 (—0.018) —0.029 (—0.025) —0.029
85 —0.040 (0.002) 0101 (—0.017) —0.001 (—0.026) 0000
4.2 —0.030 (0.002) 0106 (—0.012) 0010 (—0.025) 0010
€0 (Ag) (mm/s) 295 0131 (0.022) (115 (0.001) —0.057 (0.040) 79
225 0103 (0.021) 067 (0.028) —0.051 (0.012) 57
155 Q0114 (0.010) 087 (—0.010) 0037 (—0.041) 0064
85 0127 (—0.004) 0084 (0.017) 004 (—0.029) 0065
4.2 0.130 (—0.002) 0086 (0.019) 25 (—0.021) 0077

a Relative to room temperatuteiron foil.
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Table 5
Mossbauer spectral hyperfine parameters for LyFEl
Parameter T(K) 8f 8i 8j Wt. Av.
Ho (AH) (T) 295 233 (-1.8) 300 (—1.7) 265 (—1.5) 247
225 249 (-1.9) 321 (-1.6) 283 (—1.6) 264
155 262 (—2.1) 336 (—1.7) 297 (—1.7) 277
85 266 (—2.0) 341 (-1.7) 303 (-1.8) 282
42 27.3 (-2.0) 347 (—1.7) 310(—1.7) 288
502 (A8) (mm/s) 295 —0.133 (0.011) —0.068 (0.015) —0.101 (-0.018) —0.101
225 —0.064 (0.002) —0.004 (0.004) —0.040 (~0.027) —0.046
155 —0.018 (0.007) (036 (0.010) 07 (—0.028) 0002
85 —0.005 (0.001) 050 (0.019) 025 (—0.024) 0022
42 0.005 (0.001) 063 (0.020) 35 (~0.024) 0033
o (Ag) (mm/s) 295 (201 (-0.011) —0.002 (0.058) —0.020 (0.007) 82
225 Q186 (0.016) —0.020 (0.073) (06 (0.000) 92
155 0215 (0.001) —0.001 (0.070) 025 (—0.008) 0106
85 0228 (-0.016) 0032 (0.052) 43 (-0.021) 0111
4.2 0.212 (-0.033) 0045 (0.037) 094 (—0.050) 0107
2 Relative to room temperatuteiron foil.
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Fig. 7. The temperature dependence of the three site average isomer shifts, and their average, Th(a)&ed LuFe 1 TiH (b). The solid line shown for the

average value is the result of the second-order Doppler shift fit discussed in the text.

temperatures, which are determined with an accuracy 6. Conclusions

of ca. 10K are typical[37,40] of intermetallic com-

pounds.

5.3. Quadrupole shifts

spectra of the RRgTiand their hydrides was fourjdi7] to re-

axisin SmFe;Tiand LuFq1Ti and their respective hydrides.
Similarly, in GdFeaTi and its hydride, which both show uni-

are observe{R?2].

From a macroscopic point of view the insertion of
hydrogen into SmFRgTi and LuFq4Ti expands the lat-
tice and, as expected, increases the Curie temperature.
From a microscopic point of view, the insertion of hy-
drogen increases the three hyperfine fields and the 8f and
The sign of the average quadrupole shift observed in the 8 isomer shifts, as a result of lattice expansion. The
larger increases in hyperfine field observed upon hydro-
flectthe direction of the easy magnetization axis. The positive genation of LuFe;Ti are consistent with the larger in-
average quadrupole shifts of 0.07-0.10 mm/s observed hereircrease in unit-cell volume. The smaller isomer shifts ob-
are in complete agreement with the uniaxial magnetization served in LuFgTi and LuFeTiH are consistent with
the smaller unit-cell volumes as compared with those of
SmFa;Ti and SmFe TiH. The smaller hyperfine fields
axial magnetic anisotropy, positive average quadrupole shiftsobserved in LuFgTi and LuFa;TiH as compared with
those of SmFgTi and SmFeiTiH are a consequence
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of the absence of magnetic moment on Lu. Further,
virtually identical spectra and hyperfine fields are ob-
served13] for LuFep;Ti and LuFg4TiH, and CeFg¢; Ti and
CeFa1TiH, respectively.
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