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The structural and magnetic properties of ;F®&; and TmFe ;D5 , are investigated by means of x-ray-
diffraction, thermal, and ac magnetic susceptibility measurements, and iron-8Sbkleer spectroscopy. Both
compounds crystallize in a hexagorih; /mmcspace group with a TiNi;~like structure. Deuterium inser-
tion into TmyFe;; induces large increases in the unit-cell volume, the saturation magnetization, and the order-
ing temperature. The unit-cell expansion is anisotropic, with a larger increaseandtiiee parameter than the
c lattice parameter. A spin reorientation is observed at 90 K ipHeyy in the temperature dependence of both
the ac susceptibility and the \sbauer spectra. Above and below 90 K, the iron magnetic moments are aligned
within the basal plane and along tbexis, respectively. An analysis of the B&bauer spectra from 4.2 to 320
K yields the orientation of the iron magnetic moments and hyperfine fields, relative to the axes of the electric-
field gradient tensor at the iron sites. As revealed by both the ac susceptibility measurements andsthe Mo
bauer spectra, deuterium insertion into JH®,; suppresses this spin reorientation, and in,Fey;,D5 , the iron
magnetic moments are oriented within the basal plane of the unit cell from 4.2 to 295 K. The spin reorientation
in Tm,Fe;; results from a competition between the thulium and iron magnetic anisotropies. Below 90 K the
thulium anisotropy dominates and favors an axial alignment of the spins. In contrast to carbon and nitrogen,
deuterium insertion into Tpke ; decreases the influence of the thulium anisotropy, and igFEFD; , the
iron anisotropy dominates and favors a basal alignment of the magnetic moments.
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. INTRODUCTION Th,Ni,~like structure. Although the rhombohedral com-
pounds are very close to stoichiometric and show completely
In the series ofR,Fe;; compounds and their hydrides, ordered crystal structures, the hexagonal compounds are usu-
TmyFe; plays a special role because of its spinally iron rich and often have disordered crystal structures, a
reorientation 2 below 100 K. Indeed, neutron-diffraction disorder which can be observed in the $dbauer spectra, as
measurementshave shown that below the critical tempera- shown in our previous studié&5Various magnetic and dy-
ture, the iron magnetic moments in JRe ; are aligned par- namic phenomena induced by the insertion of hydrogen,
allel to thec axis of the hexagonal unit cell, whereas, abovesuch as spin reorientations, Curie temperature increases, and
the critical temperature, they are aligned within the basahydrogen motions, were also observed in thé sktmauer
plane of the hexagonal unit cell. This spin reorientation waspectrd®~1° of these compounds and their hydrides.
also confirmetlin an early Mssbauer spectral study. In the course of our Mssbauer spectral study of the
The insertion of hydrogen or deuterium into tRgFe;;  R,Fe; compounds and their hydrides, we have analyzed the
compounds is knowhto dramatically influence their mag- spectra with a self-consistent model, a model which is based
netic properties. Further, the insertion of carbon or nitrogeron the orientation of the iron magnetic moments, the corre-
into Tm,Fe,; substantially increas&&®its spin reorientation |ation between the iron isomer shifts and the Wigner-Seitz
temperature. Hence it is of importance to investigate the efeell volumes, and the correlation between the hyperfine fields
fect of hydrogen or deuterium on the magnetic properties ohnd the number of iron near neighbors. Unfortunately, be-
TmyFe;. cause none of th&,Fe; compounds studied so far exhibit
We have carried out a systematic magnetic ands$4o an axial orientation of the iron magnetic moments, no de-
bauer spectral study of tie,Fe;; compounds and their hy- tailed analysis or discussion of the quadrupole interactions
drides, forR=Ce,” Pr!®Nd,*? Sm}®* Gd® Dy,**and Er*®>  and the orientation of the hyperfine field within the electric-
For light rare-earth elements from Ce to Gd, Rig~e;; com-  field gradient tensor axes was possible. However, inHayy
pounds and their hydrides crystallize in the rhombohedrathe iron magnetic moments are oriented parallel tocth&is
R-3m space group with a T&Zn;-like structure, whereas below 90 K and its Curie temperature is low at 280 K; as a
for heavy rare-earth elements, from Dy to Tm, they crystal-consequence, a detailed analysis is possible and is reported
lize in the hexagonalP63;/mmc space group with a herein. Unfortunately, the rather limited resolution of an ear-
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TABLE |. Lattice parameters, unit-cell volume, and magnetic 5 K per minute heating or cooling. A sample 660 mg was
transition temperatures. sealed under vacuum in a small silica tube in order to prevent
oxidation of the sample during heating. The magnetic order-
Compound  a(®d)  c(®) V(A% T4 (K) Tc(K)  ingtemperature of TaFey is 280 K, as determined by low
temperature ac susceptibility measurements. There is a sub-

Tm,Fey; 8.4202) 8.2742) 507.9 905 2808 A . ;

stantial increase of 185 K in the ordering temperature upon
Tm,Fe;D;, 8.53712) 8.31142) 524.5 - 46%5) deuteri . tion into T : hich it
% increase 1.39 0.47 397 66 euterium insertion into Tafre;;, an increase which results

from the negative pressure effect of the interstitial element
on the lattice. The relative increase of 20% per inserted deu-
terium atom is larger than that usually obserfefbr the
R,Fe; compounds, and is probably a consequence of the
smaller unit-cell volume of TFe;;. Hence, the insertion of
deuterium into TrpFe;; is more effective in increasing the
iron-iron exchange interactions than it is in the otRgFe;;
Polycrystalline TraFe;; was prepared by high-frequency compounds.
induction melting of elements of 99.9% or better purity. The The 4.2-295 K ac magnetic susceptibilities were obtained
melting was carried out in a cold copper crucible under arpn a computer controlled mutual inductance susceptonieter
argon atmosphere. Because of the high vapor pressure af an exciting field of 1 Oe and a frequency of 120 Hz. A
thulium, a small excess of thulium was used in order to im-lock-in amplifier was used to measure the complex suscepti-
prove the stoichiometry of the product and to minimize itsbility, xoc=x’ —jx", wherey' is the initial susceptibility, a
a-Fe content. Sample homogeneity was optimized by wrapeguantity which is related to the variation in the sample mag-
ping small pieces of the induction melted ingot in tantalumnetization, andy” is nonzero if the magnetic energy is ab-
foil, sealing them in evacuated silica tubes, and annealingorbed by the sample. The saturation magnetization has been
them at 1270 K for at least two weeks. The resulting ingotobtained® at 5 and 295 K by the extraction method in con-
was slightly stoichiometrically rich in iron, leading to an tinuous fields rangingup to 7 T.
actual ingot composition of Tgire;; g, @ composition which Mossbauer spectral absorbers-e86 mg/cnt were pre-
corresponds to Taire; and 2.1 wt % of excess iron, or to an pared from powdered samples which were sieved to a
iron-rich Tm,_,Fe;-.,, phase and less excess iron. The ho-0.045-mm or smaller diameter particle size. Thesstauer
mogeneity range of th&®,Fe; compounds, wher® is a  Spectra were obtained between 4.2 and 320 K on a constant-
heavy rare earth, is knowhto broaden with increasing rare- acceleration spectrometer which utilized a rhodium matrix
earth atomic number. For the sake of simplicity, this com-cobalt-57 source, and was calibrated at room temperature
pound will be referred to as TyRe; rather than by its actual With a-iron foil. The studies were carried out in a Janis Su-
stoichiometry. pervaritemp cryostat in which the samples were never ex-
The insertion of deuterium into TsRe, to form  posed to a vacuum. The spectra were fit as discussed below,
Tm,Fe,;D; , has been carried out at 370 K in a stainless-steefnd the estimated relative errors were at mostkOe for the
autoclave at a pressure 6f5 MPa. The deuterium content hyperfine fields,=0.002 mm/s for the isomer shifts;0.01
was controlled by measuring the deuterium vapor pressurém/s for the quadrupole interactions5° for the 6 angles,
change above the sample, and the final deuterium contert0.005 mm/s for the linewidths, and0.5% for the relative
was obtained from a gravimetric analysis. The use of deuteSpectral component areas. The absolute errors are larger by a
rium as opposed to hydrogen makes this gravimetric analysictor of approximately 2.
more accurate. The deuterium content accuracy-is0.1

lier MOssbauer spectral stutiyof Tm,Fe;, did not permit a
complete discussion of the hyperfine parameters.

Il. EXPERIMENT

deut_enumG:ilgom per _formula unit, an gccuracy_whlch was Il MAGNETIC RESULTS
confirmed®’ by earlier neutron-diffraction studies of re-
lated R,Fe;; deuterides and hydrides. The magnetization curves for e ; and TmFe;Ds,

The purity of the samples was confirmed by powder x-rayare shown in Fig. 1. The saturation magnetizatio® & is
diffraction. The samples were found to be single phase witt20.2ug and 24.4g per formula unit for TmFe; and
traces ofa-iron. High accuracy lattice parameters were ob-Tm,Fe ;D3 ,, respectively. Whereas the magnetization of
tained with a Guinier-type focusing camera and i€,  TmyFe;D5, is saturated in an applied field of 20 kOe, that
radiation. Powdered silicon was added as an internal staref Tm,Fe;; is not fully saturated in an applied field of 70
dard. The lattice parameters and unit-cell volumes are giveROe. This different behavior probably originates in the ten-
in Table I. The expansion of the unit-cell volume upon thedency of the dumbbell iron sites to favor antiferromagnetic
insertion of deuterium is~3.3%, an expansion which is interactions between themsel&d: 2% It should be noted
smaller than is observéd®!® for the R,Fe; compounds that the magnetization of TsRe;D3, at 300 K is 27.35
with light rare earths which can accommodate up to fiveper formula unit, and higher than that observedb &K be-
hydrogen or deuterium atoms per formula unit. This expancause of the decrease in the antiferromagnetic contribution of
sion occurs anisotropically with a much larger increase in thehe thulium sublattice to the total magnetization at 300 K.
a than thec lattice parameter. This antiferromagnetic contribution is emphasized in the in-

The 465 K magnetic ordering temperaturB. of  set of Fig. 1 showing the temperature dependence of the
Tm,Fe ;D3 , was obtained on a Faraday torque balance withmagnetization measured at 30 kOe in ,H®; and
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FIG. 1. The magnetization curves for JRe;; obtained at 5 K FIG. 2. The temperature dependence of the real.and imagi-

(squarel and for TmFe ;D3 , (circles, obtained at 5 and 300 K. nary, x”, portions of the ac magnetic susceptibility of Jie,;
Inset: the temperature dependence of the magnetization measured@@lid lines, and TmFe;;D3 , (dotted lines.
30 kOe for TmFe; (squares and TmFe ;D , (circles.

a continuous decrease in the ac susceptibility on codbeg
Tm,FeyDs,. If the magnetic moment of thulium is assumed Fig- 2, and only weak anomalies, reminiscent of those
to be equal to the free ion value in both JFe, and Observed"'®in Dy,Fe; and ErFey;, are observed in the
Tm,Fe;D3,, then the increase in saturation magnetization'€@l part of the ac susceptibility. It is worth noting that the
of 4.2ug per formula unit in going from TpFe, to  Shoulder present at 70 K in the ac susceptibility of
Tm,Fe,-Ds , can be attributed to an increase in the iron sub-TMzFe@1Ds, is similar to that observed in Er,Fey; and
lattice magnetization. This rather large increase more likelyEl2Féi7Hs, both of which show a basal orientation of the
results from an improved ferromagnetic alignment of themagnetization between 4.2 and 300 K.
iron magnetic moments rather than from an increase in iron
magnetic moments, as indicated by théddloauer hyperfine IV. MO SSBAUER SPECTRAL RESULTS
fields; see below. In contrast, in theRg,;H, and LuFe;;D, . )
compounds, in which the yttrium and lutetium are nonmag- | MzFei7. The Massbauer spectra of Tifie; obtained at
netic, only a small change of the iron sublattice magnetiza295 and 320 K are paramagnetic, and the 320 K spectrum is
tion with x has been observéd. shown in Fig. 3. These spectra are very similar to the para-

In a search for a spin reorientation, ac susceptibility meamagnetic spectfd® of Ce,Fe;; and ExFe;; and have been

surements between 4.2 and 300 K have been performed @alyzed with five doublets assigned to thes 4f, 6g, 12,
Tm,Fe;; and TmFe ;D5 ,; see Fig. 2. Indeed, this technique end 12( sites; ano_l one add?tional d_oublet representing the
is knowrf” to be very sensitive to changes in the magnetizainner lines of then-iron impurity. The isomer shiftsg, quad-
tion direction in rare-earth and transition-metal intermetallicrupole splittingsAEq, and relative areas of these doublets
Compounds_ The dramatic drop aP74 K in the ac suscep- are given in Table Il. A Single linewidth of 0.29 mm/s has
tibility of Tm,Fe; is associated with a ferromagnetic to been adjusted, and the relative areas of the 8, and 1k
paramagnetic transition. The ordering temperature of
TszeﬂDg,_.2 of 465 K is beyond the investigated temperature 1000 E
range of Fig. 2.

c

As expected for a spin reorientation, both the real and '% 99.5
imaginary parts of the ac susceptibility of JRe;; exhibit Egoo b
both a peak and a discontinuity at90 K. A similar depen- 2 -
dence of the ac susceptibility was obseRredor the E 98.5 |-
Tm,Fe ;C, series of compounds. The real part of the ac sus- €80 b
ceptibility of Tm,Fey; is characterized by two regimes. First, oS =
at low temperatures small values of the ac susceptibility are EJ 97.5 |

observed when the easy magnetization direction is aligned o7 b o
along thec axis of the structure. Second, above th80 K 20 -1.0 0.0 1.0 20
spin reorientation temperature, much higher susceptibilities
are observed when the easy magnetization axis is within the
basal plane of the structure. In contrast,,F® D5 , exhibits FIG. 3. The M®sbauer spectrum of Tjfe;; obtained at 320 K.

Velocity (mm/s)

064429-3



FERNANDE GRANDJEAN, OLIVIER ISNARD, AND GARY J. LONG

PHYSICAL REVIEW B5 064429

TABLE Il. Mossbauer spectral hyperfine parameters fopHeyy, .

T, K 4f 4e 69, 60, 124 12, 12kg 12k, Wit. Ave.
H, kOe 4.2 417.7 382.0 329.0 329.0 2935 293.5 331.7 331.7 329.7
45 410.0 377.0 322.0 322.0 288.0 288.0 326.0 326.0 323.7
60 400.2 371.0 316.0 316.0 283.0 283.0 320.0 320.0 317.6
70 394.7 367.0 311.0 311.0 278.5 278.5 315.2 315.2 312.8
85 388.9 362.3 306.9 306.9 275.5 275.5 312.4 3124 309.3
90 387.2 360.0 304.0 304.0 273.9 273.9 309.5 309.5 307.0
95 356.2 372.0 276.3 295.3 275.4 310.3 296.2 253.9 295.6
100 343.0 362.0 2711 290.0 272.3 307.9 2017 248.6 290.3
120 333.2 351.0 261.2 275.9 261.3 300.9 281.0 235.6 279.6
155 312.0 334.0 246.0 259.3 2451 285.9 265.4 220.7 263.4
225 253.1 270.0 196.3 206.1 192.3 233.0 212.3 210.2 210.2
82 mmi/s 4.2 0.220 0.175 —-0.082 —-0.082 0.008 0.008 0.062 0.062 0.041
45 0.218 0.170 —0.077 —0.077  0.005 0.005 0.060 0.060 0.040
60 0.216 0.165 —-0.078 -0.078 —-0.002 —0.002 0.057 0.057 0.036
70 0.215 0.160 —0.080 —-0.080 —0.004 —0.004 0.056 0.056 0.034
85 0.205 0.155 —-0.078 —-0.078 —0.015 -—0.015 0.048 0.048 0.027
90 0.195 0.150 —-0.078 -0.07v8 -0.020 —-0.020 0.040 0.040 0.021
95 0.180 0.150 —0.090 -0.090 -0.030 -—-0.030 0.000 0.000 0.000
100 0.175 0.150 —-0.085 -0.085 -0.035 -0.0385 —-0.005 —0.005 —0.003
120 0.165 0.140 —0.090 -0.090 -0.045 -0.045 -0.008 —0.008 —0.010
155 0.155 0.110 —-0.100 -0.100 -0.060 -0.060 —0.015 -0.015 -0.021
225 0.100 0.060 —-0.140 -0.140 -0.100 -0.100 -—0.055 —0.055 —0.063
295 0.020 -0.050 -0.205 -0.205 -0.145 -0.145 -0.075 -0.075 —0.109
320 0.005 -0.065 -0.215 -0.215 -0.155 -0.155 -0.100 -0.100 —0.125
€?Qq/2, mm/s 4.2 —-0.09 -0.30 —0.52 —0.52 0.56 0.56 —0.56 —0.56 -
45-95 —-0.14 -0.30 —0.52 —0.52 0.56 0.56 —0.56 —0.56 -
100-225 —-0.12 -0.30 —0.52 —0.52 0.58 0.58 —0.56 —0.56 -
AEq, mm/s 295 —0.08 —-0.30 —0.52 - 0.66 - —0.65 - -
320 —0.08 —-0.30 —-0.51 - 0.66 - —0.65 - -
7 42-90 O 0 0 0 1 1 1 1 -
95-225 0 0 0 0 0.7 0.7 0.85 0.85 -
0, deg 42-90 O 0 60 60 66 66 0 0 -
95-100 90 90 42 0 42 90 80 90 -
120 90 90 48 0 34 90 84 90 -
155-225 90 90 48 0 36 90 86 90 -
Area, % 4.2 14.2 4.2 10.9 54 21.7 10.9 21.7 10.9 -
45 13.7 4.1 10.9 5.4 22.0 11.0 22.0 11.0 -
60 13.5 4.3 10.9 5.4 22.0 10.9 22.0 10.9 -
70 12.9 4.5 11.0 5.6 22.0 11.0 22.0 11.0 -
85 11.2 5.7 11.0 5.6 22.0 111 22.0 11.1 -
90 10.0 53 11.3 5.6 22.7 11.3 22.7 11.3 -
95 8.5 4.7 11.6 5.8 23.2 11.6 23.2 11.6 -
100 11.8 3.9 11.3 5.2 22.5 11.3 22.5 11.3 -
120 11.0 4.2 11.3 5.7 22.6 11.3 22.6 11.3 -
155 11.9 3.4 11.3 5.6 22.6 11.3 22.6 11.3 -
225 9.4 5.8 11.3 5.8 22.5 11.3 22.5 11.3 -
295 10.7 6.3 16.2 - 324 - 324 - -
320 12.2 3.8 16.8 - 33.6 - 33.6 - -

#The isomer shifts are given relative to room temperatuieon foil.

doublets have been constrained in the ratio 6:12:12. Th&0, 100, and 225 K, are shown in Fig. 4. The obvious

signs of the quadrupole interactions are determined from thehanges in the shape of the spectra obtained between 70 and

analysis of the magnetic spectra, see below. 100 K are due to the spin reorientation and the associated
The Massbauer spectra of TjRe;, obtained at 4.2, 45, change in the number of magnetically inequivalent iron sites
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asymmetry parameter for theed4f, and & sites has been
set equal to 0, whereas the asymmetry parameter for the 12

100.0

i RN VA8 Gl
{ \\// V'.’/‘\’

99.6 |- and 1X sites was set equal to 1 in agreement with the
results of the point charge calculation of the electric-field
99.2 |- gradients in CsFe;. The €Qq/2, 6, and 7 values were
225K adjusted in agreement with the known values of the quadru-
98.8 |- pole splittings for the @, 4f, 6g, 12j, and 1k sites at 320
[ K. The fitted hyperfine parameters and relative areas are
123'3 e given in Table II. It should be noted that ti#eangles for the
' AN 4e and 4f sites are 0, in agreement with the orientation of
996 [ both the principal axis of the electric-field gradient tensor
i and the hyperfine field parallel to tleaxis of the unit cell.
99.2 [ The 6 angles for the §, 12, and 1X sites will be discussed
a below. Various preliminary fits indicated that the sign of
98.8 e?Qq/2 for the 4, 4f, 6g, and 1k sites was undoubtedly
negative, whereas fits of similar quality could be obtained
s 123'3 o with either a positive or a negative?Qq/2 for the 13 site.
@ TR In agreement with the resuttsf the point-charge calculation
E g6 of the electric-field gradient in GEe; and with the
= analysi® of the 4.2 K spectrum of BFe;H;, a spectrum
~ 992 which is very similar to the 4.2 K spectrum shown in Fig. 4,
1S a positive sign is used.
8 s Above 95 K, the iron magnetic moments are oriented
& within the basal plane of the unit cell, and hence thésMo
12?';‘ i bauer spectra have been analyZédwith nine sextets, eight
B assigned to the magnetically inequivalest 4f, 6g,, 69,,
995 | 12jg, 12j,, 12kg, and 1%, iron sites, and one assigned to
i the a-iron impurity, an impurity which has a relative area of
99.0 [ ~10%. Between 95 and 225 K, a single linewidth of 0.33
i mm/s has been used, and the relative areas of ghe 6g,,
98.5 12jg, 12j,, 1kg, and 1%, sextets have been constrained in
a ratio 4:2:8:4:8:4. The isomer shifts of the crystallographi-
123'85 7 cally equivalent but magnetically inequivalent sites have

been constrained to be equal. The isomer sldifthe hyper-
fine fields,H, the quadrupole interactiors’Qq/2, and the
anglesé between the principal axis of the electric-field gra-
dient tensor and the hyperfine field have been adjusted. The
asymmetry parameter for thee4d4f, and & sites has been
set equal to 0, whereas the asymmetry parameter for the 12
and 1X sites has been adjusted in agreement with the
B T T T T . e s s T result§ of the point charge calculation of the electric-field
Velocity (mm/s) gradients in CgFe;. The €2Qq/2, 6, and 5 values have
) been adjusted in agreement with the known values of the
_ FIG. 4. The Masbauer spectra of Tsfe; obtained at the in-  quadrupole splittings for thee} 4f, 6g, 12j, and 1X sites
dicated temperatures. at 320 K. The resulting hyperfine parameters and relative
areas are given in Table II. It should be noted that the
from five, at the lowest temperatures, to eight at the highesiingles for the 4 and 4f sites are 90°, as expected if the iron
temperatures. Below 85 K, the iron magnetic moments immagnetic moments and hyperfine fields are in the basal plane
Tm,Fe; are parallel to the axis of the unit cell, and hence of the unit cell. Thed angles for the §,, 69,, 12jg, 12j4,
the Massbauer spectra are analyZedith five sextets as- 12kg, and 1X, sites will be discussed below.
signed to the crystallographically inequivalers, 44f, 6g, At 85, 90, and 95 K, the spectra are mixture of axial and
12j, and 1X iron sites and one additional sextet assigned tdasal orientations of the iron magnetic moments. In a first
the a-iron impurity, with a relative area of~10%. In these approximation, the spectra obtained at 85 and 90 K have
fits, one single linewidth of 0.32 mm/s has been used, antfeen analyzed as axial spectra, whereas the 95-K spectrum
the relative areas of theg 12j, and 1k sextets have been has been analyzed as a basal spectrum. A close visual inspec-
constrained in the ratio 6:12:12. The isomer shifts, the hytion of the spectra indicates that the spin reorientation begins
perfine fields, the quadrupole interactioe®Qq/2, and the at~75 K and is complete at-100 K.
anglesé between the principal axis of the electric field gra-  On the basis of the disorder obsereih Ho,Fe,, the
dient tensor and the hyperfine field have been adjusted. Thexpected relative areas of thee,44f, 6g, 12j, and 1k

99.5

99.0

98.5
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they have dramatic effects on the hyperfine parameters. In
contrast, with the break in the temperature dependence of the
Tm,Fe; spectra, the spectra of Tife ;D5 , shown in Fig. 5

are broad, and show a smooth temperature dependence. At
4.2 K, the sharpness of the dsbauer spectrum of TiRe,

has disappeared in TiAe ;D5 , because of the basal orien-
tation of the iron magnetic moments, whereas at 295 K
Tm,Fe ;D5 , shows a magnetic spectrum because of its in-
creased ordering temperature upon deuterium insertion.
These Mssbauer spectra were analyZett with eight sex-

tets assigned to the magnetically inequivalestf 4f, 69,4,

60,, 12jg, 12j,4, 1&g, and 1%k, iron sites, and one addi-

100.0 [uwg
996 |
99.2 |
98.8 [
98.4 |

98.0

976
100.0 [y

i

TR ST

99.0 |

tional sextet assigned to theiron impurity, with a relative
98.5 - 155K area of~13%. One single linewidth of 0.33 mm/s has been
98.0 [ fit, and the relative areas of thg$, 69,, 12jg, 12j,, 1Kg,

and 1X, sextets have been constrained in a ratio 4:2:8:4:8:4.
133:8 j The usual constraints on the isomer shifts and relative areas

of crystallographically equivalent and magnetically inequiva-
lent sites have been applied. Because the quadrupole interac-
tions in TmyFe;D;, are not known, as was the case for
TmyFe;, quadrupole shift values with equal to zero have
been fit, except for theeland 4f sites, for which quadrupole
interaction values withy equal to zero and equal to 90°
have been fit. The resulting hyperfine parameters and relative

99.5

99.0

98.5

98.0

Percent Transmission

13(7):3 e areas are given in Table Ill. The fitted relative areas given in
W"f ;If ' Table Il agree very well with the expected relative areas

99.5 FATVF given above on the basis of the disorder obsef¥ed

99.0 Uil Ho,Fe,;.

98.5 | '

98.0 45K V. DISCUSSION AND CONCLUSION

o7 | Both the ac susceptibility and the Tdsbauer spectral

measurements confirm the presence of a spin reorientation in
Tm,Fe;; below 100 K. From the temperature dependence of
the Mossbauer spectra, a spin-reorientation temperature of 90
K is estimated. Above 95 K, the magnetic moments are ori-
ented within the basal plane; below 80 K they are parallel to
the ¢ axis, as a result of the dominant thulium sublattice
anisotropy. The spin-reorientation temperature of 90 K is
ors L larger than the earlier reportet”® value of 72 K. This dif-

.8 6 4 2 0 2 4 6 8 ference may result from the chofc@?®®of the inflection point

Velocity, mm/s in the temperature dependence of the ac susceptibility as the

spin-reorientation temperature, and from a difference in
sample stoichiometry, a difference which is in agreement
with the broad homogeneity rarf§eof Tm,Fe;;.

Both the ac susceptibility and the Idsbauer spectral
spectral components are 2.84, 9.79, 17.47, 34.95, ancheasurements on TiRe ;D5 , reveal that the easy magneti-
34.95%, respectively. Even though the relative areas given ination axis does not change between 4.2 and 295 K, and is
Table Il have been adjusted, they do not deviate substantiallgriented within the basal plane. Hence, in contrast to the
from the expected areas. The observes rélative area, insertion of carbon or nitrogen, both of which increase the
which is larger than the expected one, may indicate a morgpin-reorientation temperature, the insertion of deuterium
extensive disorder in Tgire; than in HgFe;, or a phase suppresses the spin reorientation. Hence carbon and nitrogen
slightly richer in iron, in agreement with a broaderfihgf  have opposite effects on the thulium anisotropy as compared
the homogeneity range of tli&Fe;; phases with the increas- with deuterium. Although all three interstitial elements ex-
ing atomic number of the rare earth. pand the lattice, their different chemical natures have differ-

Tmy,Fe;;D3,. The Massbauer spectra of Tiie ;D3 ,0b-  entinfluences on the crystal electric-field gradient at the rare-
tained at 4.2, 45, 85, 155, and 295 K, are shown in Fig. 5. Aearth site irR,Fe;;. In the case of gadolinium, it was shown
visual comparison of Figs. 4 and 5 immediately indicatesthat carbon and nitrogeti; > have an opposite effect on the
that the deuterium atoms have entered the structure, and thetystal electric field gradient to that of hydrog&hln the

100.0 |

99.5

99.0

98.5

98.0

FIG. 5. The M®sbauer spectra of Tjfie ;D5 , obtained at the
indicated temperatures.
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TABLE IIl. Mo ssbauer spectral hyperfine parameters fopAenD; 5.
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T, K 4f 4e 604 69, 12j4 12,4 12kg 12k, Wit. Ave.
H, kOe 4.2 355.6 375.0 299.7 308.0 277.5 319.5 278.8 261.7 297.4
45 356.0 373.0 299.3 305.0 275.6 318.5 278.3 258.9 296.1
85 349.6 362.0 294.3 305.0 269.8 312.9 272.7 254.4 290.7
120 341.2 356.0 289.3 299.0 265.4 308.7 266.8 248.8 285.3
155 329.0 351.0 283.6 293.5 259.5 304.0 260.0 243.0 278.8
225 307.0 332.0 267.3 274.0 242.8 285.9 244.8 226.0 261.5
295 283.0 300.0 241.9 251.0 219.0 259.0 219.0 203.9 236.4
82 mm/s 4.2 0.180 0.150 —0.005 —0.005 0.075 0.075 0.085 0.085 0.076
45 0.180 0.150 —0.020 —0.020 0.071 0.071 0.083 0.083 0.071
85 0.174 0.142 —0.035 —0.035 0.069 0.069 0.073 0.073 0.063
120 0.160 0.128 —0.050 —0.050 0.057 0.057 0.061 0.061 0.050
155 0.145 0.120 —0.065 —0.065 0.040 0.040 0.045 0.045 0.034
225 0.095 0.070 —0.105 —0.105 0.000 0.000 0.002 0.002 —0.008
295 0.025 0.005 —0.145 —0.145 —0.040 —0.040 —0.050 —0.050 —0.055
QSP mm/s 4.2 0.04 —0.30 0.08 —0.08 0.34 —0.10 —0.38 0.42 -
45 0.04 —0.30 0.08 —0.08 0.34 —0.10 —0.38 0.42 -
85 0.04 —0.30 0.08 —0.08 0.32 -0.11 —0.38 0.42 -
120 0.04 —0.30 0.08 —0.08 0.32 -0.11 —0.37 0.42 -
155 0.04 —0.30 0.08 —0.08 0.32 -0.11 —0.37 0.42 -
225 0.04 —0.30 0.09 —0.08 0.32 -0.11 -0.37 0.42 -
295 0.04 —0.30 0.09 —0.08 0.32 -0.11 —-0.35 0.42 -
Area, % 4.2 9.1 2.5 11.8 5.8 23.6 11.8 23.6 11.8 -
45 7.6 2.4 12.0 6.0 24.0 12.0 24.0 12.0 -
85 7.6 2.4 12.0 6.0 24.0 12.0 24.0 12.0 -
120 7.8 2.4 12.0 6.0 24.0 12.0 24.0 12.0 -
155 7.7 2.7 12.0 6.0 24.0 12.0 24.0 12.0 -
225 8.8 2.7 11.8 5.8 23.6 11.8 23.6 11.8 -
295 11.2 2.6 115 5.7 23.0 115 23.0 11.5 -

&The isomer shifts are given relative to room-temperatuieon foil.
Quadrupole shifts values, except for the @nd 4f sites for which QS is the quadrupole splittingEq , with 6=90°.

case of erbium and thuliumi®Er and %°Tm Mossbauer

spectral measurement& have shown that the second-order €arth atom irR,Fe;7.
crystal-field parameteﬁg becomes more negative upon car-

bon or nitrogen insertion into EFe;; and TmFe;;. Hence,

changes in the observed spectra with changes in the rare-

The temperature dependence of the isomer shift of the
five different iron sites in TgFe 7 is shown in Fig. 6. At all

because deuterium insertion suppresses the spin reorientatilfiiPeratures, the sequence of the isomer shifts; 12k
in Tm,Fe;;, we can conclude tha either becomes more
positive or is essentially zero, as was obsefleih

Gd,Fe ;H, , with increasingx.

The fits shown in Figs 3, 4, and 5, with either five or eight
spectral components, are certainly not unique, but they are
based on reasonable assumptions and constraints on the hy-
perfine parameters. We assumed both that the relative areas
of the 69, 12j, and 1X iron sites are proportional to their
crystallographic degeneracies and that the quadrupole split-
tings,AEq, do not change at either the ordering temperature
or the spin-reorientation temperature of Jre;;. We con-
strain the isomer shifts of magnetically inequivalent and
crystallographically equivalent iron sites to be equal. As
shown below, these assumptions and constraints lead to an
assignment of the different spectral components to the differ-

ent iron sites, an assignment which is supported by the tem- FIG. 6.

0.25
0.20
0.15
0.10
0.05
0.00
-0.05
-0.10
-0.15
-0.20
-0.25

Isomer Shift (mm/s)

perature dependence of the hyperfine parameters and then,Fe,;.
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fine fields in TmFe,. FIG. 8. The temperature dependence of theangles in

>12j>6g, agrees with the sequence obse”@d?3%n the TmaFe.

otherR,Fe;; and with the sequence of Wigner-Seitz cell vol- tion, whereas the @ and 12 hyperfine fields increase; a
umes. The 4 isomer .Shiﬁ is smaller tt;gn thet 4somer simi’lar behavior was observEdn Pr,Fe;H;. The 4f iroﬁ

shift, as was observétiin Dy,Fer but npf' InErFe7. The  240ms have both orbital and spin contributibhgo their
temperature dependence of the_ five ISomer §h|fts fOHOW_S ﬂwagnetic moments and their respective contributions to the
typlc_al _second-order D_oppler_ sh|ft_behaV|or with only a d's_'hyperfine field are of opposite sign. Below the spin reorien-
continuity near thg Spin-reorientation temperature. This dls’[ation, the orbital contribution is reduced as a consequence of
continuity, which is artificially enhanced by the rather poor he rotation of the iron moment away from their easy direc-
f'ts. obtalned at 85, 90, an_d 95 K, may t.)e related to a Sma@ion within the basal plane toward their hard direction paral-
anisotropic_magnetostriction Of the unit cell at the SPIN"1 to the ¢ axis. An additional contribution to the hyperfine
reorientation temperature, Wh'Ch_ r_nanlfests?étself by thefield is the transferred field induced by the thulium magnetic
hegative thermal expansion coefficient observegkiween moment, which increases rapidly with decreasing tempera-
231 and 4.2 K. . _ture, as indicated by neutron-diffraction measurentérsd

) The_ temperature depen(_jen(_:e of the site average hyperfn?)%r magnetization measurements at 30 kOe, see the inset of
f!elds_ in TmyFey; is shown in Fig. _7 Tl?i"s%zag”d 4 hyper- Fig. 1. The combination of the transferred and orbital contri-
fine fields are the largest obser¥eth™1>%%in the other | jione \which both are temperature dependent, leads to a
RpFe;; compounds. The effect of the spin reorientation ong, ciantial increase of the hyperfine field e85 kOe, an

the hyperfine fields is very clear at 92 K. Above 92 K, theincrease which is in perfect agreenfenith the earlier' re-
hyperfine field seqﬂeﬂclg;;iyj >6g~12K, follows the se- ported value of 44 kOe.

quence observéd!**®%in the other RyFey; com- The quadrupole interactions, given by the expression,
pounds, and is in agreement with the sequence of iron near

neighbors, 12 10=10>9. Below 92 K, rather surprisingly e’Qq 7%\ Y2

the 13 hyperfine field is the smallest. The assignment of the o 1+ ?) )

12j and 1X sites has been made on the basis of the isomer

shift and the sign of the quadrupole interaction, and hence bave been kept essentially constant between 4.2 and 320 K
reversed assignment of the fields is difficult without compro-and they agree with those measdr&d® in CeFe,-,
mising other highly viable portions of the analysis. PrFe;, and in EpFe;.

As observetP**earlier in PsFeH,, with x between 3 The temperature dependence of thangle, i.e., the angle
and 5, and in Sgie;;N3, all of which exhibit axial orienta- between the principal axis of the electric field gradient tensor
tions of the iron magnetic moments and hyperfine fields, th@nd the hyperfine field, assumed to be parallel to the iron
hyperfine field at the dumbbell iron sitesf 4r 6c, is sig- magnetic moment at the different iron sites in Jfg 7, is
nificantly larger than in theR,Fe;; compounds, which ex- shown in Fig. 8. As already noted above, thangles for the
hibit a basal orientation of the iron magnetic moments. Inde and 4f sites of zero and 90° below and above the spin-
addition, all the hyperfine fields show a significant break inreorientation temperature, respectively, are in agreement with
their temperature dependence near the spin-reorientatiam principal axis of the electric-field gradient,,, which is
temperature. The 4 6g, and 1X hyperfine fields decrease parallel to thec axis of the unit cell and a hyperfine field,
when increasing the temperature through the spin reorientavhich is parallel and perpendicular to theaxis of the unit

064429-8
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-0.15 * isomer shifts in TrpFe; and TmFe ;D5 ,. The solid and dotted
N lines are second-order Doppler shift fits as described in the text.
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A H 0,12
Temperature (K) son of the Mesbauer spectra of Tife;;D; , with thosé

of Nd,Fe H; and PgFe /H, indicates that the iron magnetic
FIG. 9. The temperature dependence of the isomer shifts ifnoments are also alorfd00] in Tm,Fe; ;D3 ,.
Tm,Fe;Ds 5. The smooth temperature dependence of the isomer shifts
in TmyFe ;D35 is shown in Fig. 9. The sequence of isomer
cell below and above the spin-reorientation temperature, reshifts, 4f>4e>12k~12j>6g, is similar to the sequence
spectively. Below 90 K, the principal axis of the electric-field observedf*in Dy,Fe;;H; g, with the exception of thedsite.
gradientV,,, at the &, 12j, and 1X sites, makes angles of This site has a very small relative area in the d¢loauer
61°, 66°, and 0°, respectively, with the hyperfine field whichspectra and hence the error in its isomer shift may be larger
is assumed to be parallel to theaxis of the unit cell. These than for the other sites.
values are different from those calculatédr rhombohedral The temperature dependence of the site average hyperfine
CeFe;;. The random substitution of rare-earth atoms ley 4 fields in TmyFe;;D3, is shown in Fig. 10. The sequence of
iron pairs in hexagonal Tgire;; modifies the electric charge hyperfine fields, 4>4f>6g>12j> 12, is identical to the
distribution around the iron atoms and hence the direction oéequence observEdn Dy,Fe Hs .
V,, relative to thec axis. The effect of deuterium insertion in TiAe; on the
Above 92 K, the @, 12j, and 1k sites are subdivided weighted average isomer shift is illustrated in Fig. 11. Spe-
into two magnetically inequivalent sites with differedt cifically, the weighted average isomer shift increases upon
angles. Two preferential directions of the hyperfine fielddeuterium insertion because of the lattice expansion, and the
within the basal plane, alon100] and [—110], were resulting decrease in tleelectron density at the iron nuclei.
observed®?3* in the Mossbauer spectra of MHe; and  The solid lines in Fig. 11 were calculatédor a second-
Pr,Fe -, respectively. The Mssbauer spectra of TiRe,;  order Doppler shift model. The smooth temperature depen-
above 92 K are similar to those of hée;; and hence, the dence of the weighted average isomer shift in, ;D3 , is
iron magnetic moments are mainly alofp0]. A compari-
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FIG. 12. The temperature dependence of the weighted average

FIG. 10. The temperature dependence of the site average hypdmyperfine fields in TrpFe;; and TmFe ;D3 ,. The solid lines are
fine fields in TmFe;;D; 5. guides to the eyes.
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well fit with an iron effective vibrating mass of 57 g/mol and sured in both compounds; see Sec. lll. Because the ordering
a Massbauer lattice temperature of 386 K. Because of theemperature of TpFe;; is 280 K, its weighted average hy-
break in the temperature dependence of the weighted averagerfine field decreases rapidly to zero, whereas the weighted

isomer shift in TmFe;; at 90 K, the fit was carried out in average hyperfine field in TsRe-D;, decreases only
two temperature ranges, as shown by the two curves in Figlightly between 4.2 and 295 K.

11. Preliminary fits showed that the iron effective vibrating
masses were close to 57 g/mol, and they were subsequently
constrained to this value. The correspondingsstmauer lat-
tice temperatures are-410 K in both the low- and high-
temperature regions. The authors thank Dr. D. Hautot and Z. Lin for help in
The effect of deuterium insertion in T#Re; on the  obtaining the Masbauer spectra. G.J.L. thanks the U.S. Na-
weighted average hyperfine field is illustrated in Fig. 12.tional Science Foundation for Grant Nos. DMR95-21739 and
Below 92 K, the weighted average hyperfine field inINT-9815138, and the ‘Fonds National de la Recherche Sci-
Tm,Fe 7 is larger than in TrpFe ;D5 ,. This small decrease entifique,’ Brussels, Belgium, for support during a sabbatical
in the saturation hyperfine field upon deuterium insertion indeave in 2000-2001. O.l. thanks the ‘Centre National de la
dicates that there is no increase in the iron magnetic moRecherche Scientifique, France’ for grant action initiative
ments, as suggested by the saturation magnetization melo. 7418.
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