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Magnetic and Mössbauer spectral evidence for the suppression of the magnetic spin reorientatio
in Tm2Fe17 by deuterium
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The structural and magnetic properties of Tm2Fe17 and Tm2Fe17D3.2 are investigated by means of x-ray-
diffraction, thermal, and ac magnetic susceptibility measurements, and iron-57 Mo¨ssbauer spectroscopy. Both
compounds crystallize in a hexagonalP63 /mmcspace group with a Th2Ni17-like structure. Deuterium inser-
tion into Tm2Fe17 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 increase in thea lattice parameter than the
c lattice parameter. A spin reorientation is observed at 90 K in Tm2Fe17 in the temperature dependence of both
the ac susceptibility and the Mo¨ssbauer spectra. Above and below 90 K, the iron magnetic moments are aligned
within the basal plane and along thec-axis, respectively. An analysis of the Mo¨ssbauer 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 and the Mo¨ss-
bauer spectra, deuterium insertion into Tm2Fe17 suppresses this spin reorientation, and in Tm2Fe17D3.2 the iron
magnetic moments are oriented within the basal plane of the unit cell from 4.2 to 295 K. The spin reorientation
in Tm2Fe17 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 Tm2Fe17 decreases the influence of the thulium anisotropy, and in Tm2Fe17D3.2 the
iron anisotropy dominates and favors a basal alignment of the magnetic moments.

DOI: 10.1103/PhysRevB.65.064429 PACS number~s!: 75.50.Bb, 75.50.Gg, 76.80.1y
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I. INTRODUCTION

In the series ofR2Fe17 compounds and their hydrides
Tm2Fe17 plays a special role because of its sp
reorientation1–3 below 100 K. Indeed, neutron-diffractio
measurements4 have shown that below the critical temper
ture, the iron magnetic moments in Tm2Fe17 are aligned par-
allel to thec axis of the hexagonal unit cell, whereas, abo
the critical temperature, they are aligned within the ba
plane of the hexagonal unit cell. This spin reorientation w
also confirmed5 in an early Mössbauer spectral study.

The insertion of hydrogen or deuterium into theR2Fe17

compounds is known6 to dramatically influence their mag
netic properties. Further, the insertion of carbon or nitrog
into Tm2Fe17 substantially increases3,7,8 its spin reorientation
temperature. Hence it is of importance to investigate the
fect of hydrogen or deuterium on the magnetic properties
Tm2Fe17.

We have carried out a systematic magnetic and Mo¨ss-
bauer spectral study of theR2Fe17 compounds and their hy
drides, forR5Ce,9 Pr,10,11 Nd,12 Sm,13 Gd,13 Dy,14 and Er.15

For light rare-earth elements from Ce to Gd, theR2Fe17 com-
pounds and their hydrides crystallize in the rhombohed
R-3m space group with a Th2Zn17-like structure, whereas
for heavy rare-earth elements, from Dy to Tm, they crys
lize in the hexagonalP63 /mmc space group with a
0163-1829/2002/65~6!/064429~10!/$20.00 65 0644
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Th2Ni17-like structure. Although the rhombohedral com
pounds are very close to stoichiometric and show comple
ordered crystal structures, the hexagonal compounds are
ally iron rich and often have disordered crystal structures
disorder which can be observed in the Mo¨ssbauer spectra, a
shown in our previous studies.14,15Various magnetic and dy
namic phenomena induced by the insertion of hydrog
such as spin reorientations, Curie temperature increases
hydrogen motions, were also observed in the Mo¨ssbauer
spectra10–15 of these compounds and their hydrides.

In the course of our Mo¨ssbauer spectral study of th
R2Fe17 compounds and their hydrides, we have analyzed
spectra with a self-consistent model, a model which is ba
on the orientation of the iron magnetic moments, the cor
lation between the iron isomer shifts and the Wigner-Se
cell volumes, and the correlation between the hyperfine fie
and the number of iron near neighbors. Unfortunately,
cause none of theR2Fe17 compounds studied so far exhib
an axial orientation of the iron magnetic moments, no d
tailed analysis or discussion of the quadrupole interacti
and the orientation of the hyperfine field within the electr
field gradient tensor axes was possible. However, in Tm2Fe17
the iron magnetic moments are oriented parallel to thec axis
below 90 K and its Curie temperature is low at 280 K; as
consequence, a detailed analysis is possible and is repo
herein. Unfortunately, the rather limited resolution of an e
©2002 The American Physical Society29-1
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lier Mössbauer spectral study2,5 of Tm2Fe17 did not permit a
complete discussion of the hyperfine parameters.

II. EXPERIMENT

Polycrystalline Tm2Fe17 was prepared by high-frequenc
induction melting of elements of 99.9% or better purity. T
melting was carried out in a cold copper crucible under
argon atmosphere. Because of the high vapor pressur
thulium, a small excess of thulium was used in order to i
prove the stoichiometry of the product and to minimize
a-Fe content. Sample homogeneity was optimized by wr
ping small pieces of the induction melted ingot in tantalu
foil, sealing them in evacuated silica tubes, and annea
them at 1270 K for at least two weeks. The resulting ing
was slightly stoichiometrically rich in iron, leading to a
actual ingot composition of Tm2Fe17.6, a composition which
corresponds to Tm2Fe17 and 2.1 wt % of excess iron, or to a
iron-rich Tm22zFe1712z phase and less excess iron. The h
mogeneity range of theR2Fe17 compounds, whereR is a
heavy rare earth, is known16 to broaden with increasing rare
earth atomic number. For the sake of simplicity, this co
pound will be referred to as Tm2Fe17 rather than by its actua
stoichiometry.

The insertion of deuterium into Tm2Fe17 to form
Tm2Fe17D3.2 has been carried out at 370 K in a stainless-s
autoclave at a pressure of;5 MPa. The deuterium conten
was controlled by measuring the deuterium vapor press
change above the sample, and the final deuterium con
was obtained from a gravimetric analysis. The use of de
rium as opposed to hydrogen makes this gravimetric anal
more accurate. The deuterium content accuracy is;60.1
deuterium atom per formula unit, an accuracy which w
confirmed16,17 by earlier neutron-diffraction studies of re
latedR2Fe17 deuterides and hydrides.

The purity of the samples was confirmed by powder x-
diffraction. The samples were found to be single phase w
traces ofa-iron. High accuracy lattice parameters were o
tained with a Guinier-type focusing camera and ironKa1
radiation. Powdered silicon was added as an internal s
dard. The lattice parameters and unit-cell volumes are gi
in Table I. The expansion of the unit-cell volume upon t
insertion of deuterium is;3.3%, an expansion which i
smaller than is observed9,10,16 for the R2Fe17 compounds
with light rare earths which can accommodate up to fi
hydrogen or deuterium atoms per formula unit. This exp
sion occurs anisotropically with a much larger increase in
a than thec lattice parameter.

The 465 K magnetic ordering temperatureTC of
Tm2Fe17D3.2 was obtained on a Faraday torque balance w

TABLE I. Lattice parameters, unit-cell volume, and magne
transition temperatures.

Compound a ~Å! c ~Å! V (Å 3) Tsr ~K! TC ~K!

Tm2Fe17 8.420~2! 8.272~2! 507.9 90~5! 280~8!

Tm2Fe17D3.2 8.537~2! 8.311~2! 524.5 - 465~5!

% increase 1.39 0.47 3.27 66
06442
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5 K per minute heating or cooling. A sample of;50 mg was
sealed under vacuum in a small silica tube in order to prev
oxidation of the sample during heating. The magnetic ord
ing temperature of Tm2Fe17 is 280 K, as determined by low
temperature ac susceptibility measurements. There is a
stantial increase of 185 K in the ordering temperature up
deuterium insertion into Tm2Fe17, an increase which result
from the negative pressure effect of the interstitial elem
on the lattice. The relative increase of 20% per inserted d
terium atom is larger than that usually observed18 for the
R2Fe17 compounds, and is probably a consequence of
smaller unit-cell volume of Tm2Fe17. Hence, the insertion o
deuterium into Tm2Fe17 is more effective in increasing th
iron-iron exchange interactions than it is in the otherR2Fe17
compounds.

The 4.2–295 K ac magnetic susceptibilities were obtain
on a computer controlled mutual inductance susceptome19

at an exciting field of 1 Oe and a frequency of 120 Hz.
lock-in amplifier was used to measure the complex susce
bility, xac5x82 j x9, wherex8 is the initial susceptibility, a
quantity which is related to the variation in the sample ma
netization, andx9 is nonzero if the magnetic energy is a
sorbed by the sample. The saturation magnetization has
obtained20 at 5 and 295 K by the extraction method in co
tinuous fields ranging up to 7 T.

Mössbauer spectral absorbers of;36 mg/cm2 were pre-
pared from powdered samples which were sieved to
0.045-mm or smaller diameter particle size. The Mo¨ssbauer
spectra were obtained between 4.2 and 320 K on a cons
acceleration spectrometer which utilized a rhodium ma
cobalt-57 source, and was calibrated at room tempera
with a-iron foil. The studies were carried out in a Janis S
pervaritemp cryostat in which the samples were never
posed to a vacuum. The spectra were fit as discussed be
and the estimated relative errors were at most61 kOe for the
hyperfine fields,60.002 mm/s for the isomer shifts,60.01
mm/s for the quadrupole interactions,65° for theu angles,
60.005 mm/s for the linewidths, and60.5% for the relative
spectral component areas. The absolute errors are larger
factor of approximately 2.

III. MAGNETIC RESULTS

The magnetization curves for Tm2Fe17 and Tm2Fe17D3.2
are shown in Fig. 1. The saturation magnetization at 5 K is
20.2mB and 24.4mB per formula unit for Tm2Fe17 and
Tm2Fe17D3.2, respectively. Whereas the magnetization
Tm2Fe17D3.2 is saturated in an applied field of 20 kOe, th
of Tm2Fe17 is not fully saturated in an applied field of 7
kOe. This different behavior probably originates in the te
dency of the dumbbell iron sites to favor antiferromagne
interactions between themselves.4,21–23 It should be noted
that the magnetization of Tm2Fe17D3.2 at 300 K is 27.3mB
per formula unit, and higher than that observed at 5 K be-
cause of the decrease in the antiferromagnetic contributio
the thulium sublattice to the total magnetization at 300
This antiferromagnetic contribution is emphasized in the
set of Fig. 1 showing the temperature dependence of
magnetization measured at 30 kOe in Tm2Fe17 and
9-2
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MAGNETIC AND MÖSSBAUER SPECTRAL EVIDENCE . . . PHYSICAL REVIEW B 65 064429
Tm2Fe17D3.2. If the magnetic moment of thulium is assume
to be equal to the free ion value in both Tm2Fe17 and
Tm2Fe17D3.2, then the increase in saturation magnetizat
of 4.2mB per formula unit in going from Tm2Fe17 to
Tm2Fe17D3.2 can be attributed to an increase in the iron su
lattice magnetization. This rather large increase more lik
results from an improved ferromagnetic alignment of t
iron magnetic moments rather than from an increase in
magnetic moments, as indicated by the Mo¨ssbauer hyperfine
fields; see below. In contrast, in the Y2Fe17Hx and Lu2Fe17Dx
compounds, in which the yttrium and lutetium are nonma
netic, only a small change of the iron sublattice magneti
tion with x has been observed.18

In a search for a spin reorientation, ac susceptibility m
surements between 4.2 and 300 K have been performe
Tm2Fe17 and Tm2Fe17D3.2; see Fig. 2. Indeed, this techniqu
is known24 to be very sensitive to changes in the magneti
tion direction in rare-earth and transition-metal intermeta
compounds. The dramatic drop at;274 K in the ac suscep
tibility of Tm2Fe17 is associated with a ferromagnetic
paramagnetic transition. The ordering temperature
Tm2Fe17D3.2 of 465 K is beyond the investigated temperatu
range of Fig. 2.

As expected for a spin reorientation, both the real a
imaginary parts of the ac susceptibility of Tm2Fe17 exhibit
both a peak and a discontinuity at;90 K. A similar depen-
dence of the ac susceptibility was observed25 for the
Tm2Fe17Cx series of compounds. The real part of the ac s
ceptibility of Tm2Fe17 is characterized by two regimes. Firs
at low temperatures small values of the ac susceptibility
observed when the easy magnetization direction is alig
along thec axis of the structure. Second, above the;90 K
spin reorientation temperature, much higher susceptibili
are observed when the easy magnetization axis is within
basal plane of the structure. In contrast, Tm2Fe17D3.2 exhibits

FIG. 1. The magnetization curves for Tm2Fe17 obtained at 5 K
~squares!, and for Tm2Fe17D3.2 ~circles!, obtained at 5 and 300 K
Inset: the temperature dependence of the magnetization measu
30 kOe for Tm2Fe17 ~squares!, and Tm2Fe17D3.2 ~circles!.
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a continuous decrease in the ac susceptibility on cooling~see
Fig. 2!, and only weak anomalies, reminiscent of tho
observed14,15 in Dy2Fe17 and Er2Fe17, are observed in the
real part of the ac susceptibility. It is worth noting that th
shoulder present at 70 K in the ac susceptibility
Tm2Fe17D3.2 is similar to that observed15 in Er2Fe17 and
Er2Fe17H3 , both of which show a basal orientation of th
magnetization between 4.2 and 300 K.

IV. MÖ SSBAUER SPECTRAL RESULTS

Tm2Fe17. The Mössbauer spectra of Tm2Fe17 obtained at
295 and 320 K are paramagnetic, and the 320 K spectru
shown in Fig. 3. These spectra are very similar to the pa
magnetic spectra9,15 of Ce2Fe17 and Er2Fe17 and have been
analyzed with five doublets assigned to the 4e, 4f , 6g, 12j ,
and 12k sites; and one additional doublet representing
inner lines of thea-iron impurity. The isomer shifts,d, quad-
rupole splittingsDEQ , and relative areas of these double
are given in Table II. A single linewidth of 0.29 mm/s ha
been adjusted, and the relative areas of the 6g, 12j , and 12k

d at

FIG. 2. The temperature dependence of the real,x8, and imagi-
nary, x9, portions of the ac magnetic susceptibility of Tm2Fe17

~solid lines!, and Tm2Fe17D3.2 ~dotted lines!.

FIG. 3. The Mössbauer spectrum of Tm2Fe17 obtained at 320 K.
9-3
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TABLE II. Mössbauer spectral hyperfine parameters for Tm2Fe17.

T, K 4 f 4e 6g4 6g2 12j 8 12j 4 12k8 12k4 Wt. Ave.

H, kOe 4.2 417.7 382.0 329.0 329.0 293.5 293.5 331.7 331.7 329.
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
85 388.9 362.3 306.9 306.9 275.5 275.5 312.4 312.4 309.3
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

100 343.0 362.0 271.1 290.0 272.3 307.9 291.7 248.6 290.3
120 333.2 351.0 261.2 275.9 261.3 300.9 281.0 235.6 279.6
155 312.0 334.0 246.0 259.3 245.1 285.9 265.4 220.7 263.4
225 253.1 270.0 196.3 206.1 192.3 233.0 212.3 210.2 210.2

d,a mm/s 4.2 0.220 0.175 20.082 20.082 0.008 0.008 0.062 0.062 0.041
45 0.218 0.170 20.077 20.077 0.005 0.005 0.060 0.060 0.040
60 0.216 0.165 20.078 20.078 20.002 20.002 0.057 0.057 0.036
70 0.215 0.160 20.080 20.080 20.004 20.004 0.056 0.056 0.034
85 0.205 0.155 20.078 20.078 20.015 20.015 0.048 0.048 0.027
90 0.195 0.150 20.078 20.078 20.020 20.020 0.040 0.040 0.021
95 0.180 0.150 20.090 20.090 20.030 20.030 0.000 0.000 0.000

100 0.175 0.150 20.085 20.085 20.035 20.035 20.005 20.005 20.003
120 0.165 0.140 20.090 20.090 20.045 20.045 20.008 20.008 20.010
155 0.155 0.110 20.100 20.100 20.060 20.060 20.015 20.015 20.021
225 0.100 0.060 20.140 20.140 20.100 20.100 20.055 20.055 20.063
295 0.020 20.050 20.205 20.205 20.145 20.145 20.075 20.075 20.109
320 0.005 20.065 20.215 20.215 20.155 20.155 20.100 20.100 20.125

e2Qq/2, mm/s 4.2 20.09 20.30 20.52 20.52 0.56 0.56 20.56 20.56 -
45–95 20.14 20.30 20.52 20.52 0.56 0.56 20.56 20.56 -

100–225 20.12 20.30 20.52 20.52 0.58 0.58 20.56 20.56 -
DEQ , mm/s 295 20.08 20.30 20.52 - 0.66 - 20.65 - -

320 20.08 20.30 20.51 - 0.66 - 20.65 - -
h 4.2–90 0 0 0 0 1 1 1 1 -

95–225 0 0 0 0 0.7 0.7 0.85 0.85 -
u, deg 4.2–90 0 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 5.4 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 11.1 22.0 11.1 -
90 10.0 5.3 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 - 32.4 - 32.4 - -
320 12.2 3.8 16.8 - 33.6 - 33.6 - -

aThe isomer shifts are given relative to room temperaturea-iron foil.
Th
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doublets have been constrained in the ratio 6:12:12.
signs of the quadrupole interactions are determined from
analysis of the magnetic spectra, see below.

The Mössbauer spectra of Tm2Fe17, obtained at 4.2, 45
06442
e
e
70, 100, and 225 K, are shown in Fig. 4. The obvio
changes in the shape of the spectra obtained between 70
100 K are due to the spin reorientation and the associa
change in the number of magnetically inequivalent iron si
9-4
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from five, at the lowest temperatures, to eight at the high
temperatures. Below 85 K, the iron magnetic moments
Tm2Fe17 are parallel to thec axis of the unit cell, and henc
the Mössbauer spectra are analyzed10 with five sextets as-
signed to the crystallographically inequivalent 4e, 4f , 6g,
12j , and 12k iron sites and one additional sextet assigned
the a-iron impurity, with a relative area of;10%. In these
fits, one single linewidth of 0.32 mm/s has been used,
the relative areas of the 6g, 12j , and 12k sextets have bee
constrained in the ratio 6:12:12. The isomer shifts, the
perfine fields, the quadrupole interactionse2Qq/2, and the
anglesu between the principal axis of the electric field gr
dient tensor and the hyperfine field have been adjusted.

FIG. 4. The Mössbauer spectra of Tm2Fe17 obtained at the in-
dicated temperatures.
06442
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asymmetry parameter for the 4e, 4f , and 6g sites has been
set equal to 0, whereas the asymmetry parameter for thej
and 12k sites was set equal to 1 in agreement with t
results9 of the point charge calculation of the electric-fie
gradients in Ce2Fe17. The e2Qq/2, u, and h values were
adjusted in agreement with the known values of the quad
pole splittings for the 4e, 4f , 6g, 12j , and 12k sites at 320
K. The fitted hyperfine parameters and relative areas
given in Table II. It should be noted that theu angles for the
4e and 4f sites are 0, in agreement with the orientation
both the principal axis of the electric-field gradient tens
and the hyperfine field parallel to thec axis of the unit cell.
Theu angles for the 6g, 12j , and 12k sites will be discussed
below. Various preliminary fits indicated that the sign
e2Qq/2 for the 4e, 4f , 6g, and 12k sites was undoubtedly
negative, whereas fits of similar quality could be obtain
with either a positive or a negativee2Qq/2 for the 12j site.
In agreement with the results9 of the point-charge calculation
of the electric-field gradient in Ce2Fe17 and with the
analysis10 of the 4.2 K spectrum of Pr2Fe17H3 , a spectrum
which is very similar to the 4.2 K spectrum shown in Fig.
a positive sign is used.

Above 95 K, the iron magnetic moments are orient
within the basal plane of the unit cell, and hence the Mo¨ss-
bauer spectra have been analyzed14,15with nine sextets, eight
assigned to the magnetically inequivalent 4e, 4f , 6g4 , 6g2 ,
12j 8 , 12j 4 , 12k8 , and 12k4 iron sites, and one assigned
the a-iron impurity, an impurity which has a relative area
;10%. Between 95 and 225 K, a single linewidth of 0.
mm/s has been used, and the relative areas of the 6g4 , 6g2 ,
12j 8 , 12j 4 , 12k8 , and 12k4 sextets have been constrained
a ratio 4:2:8:4:8:4. The isomer shifts of the crystallograp
cally equivalent but magnetically inequivalent sites ha
been constrained to be equal. The isomer shiftsd, the hyper-
fine fields,H, the quadrupole interactionse2Qq/2, and the
anglesu between the principal axis of the electric-field gr
dient tensor and the hyperfine field have been adjusted.
asymmetry parameter for the 4e, 4f , and 6g sites has been
set equal to 0, whereas the asymmetry parameter for thej
and 12k sites has been adjusted in agreement with
results9 of the point charge calculation of the electric-fie
gradients in Ce2Fe17. The e2Qq/2, u, and h values have
been adjusted in agreement with the known values of
quadrupole splittings for the 4e, 4f , 6g, 12j , and 12k sites
at 320 K. The resulting hyperfine parameters and rela
areas are given in Table II. It should be noted that theu
angles for the 4e and 4f sites are 90°, as expected if the iro
magnetic moments and hyperfine fields are in the basal p
of the unit cell. Theu angles for the 6g4 , 6g2 , 12j 8 , 12j 4 ,
12k8 , and 12k4 sites will be discussed below.

At 85, 90, and 95 K, the spectra are mixture of axial a
basal orientations of the iron magnetic moments. In a fi
approximation, the spectra obtained at 85 and 90 K h
been analyzed as axial spectra, whereas the 95-K spec
has been analyzed as a basal spectrum. A close visual ins
tion of the spectra indicates that the spin reorientation beg
at ;75 K and is complete at;100 K.

On the basis of the disorder observed17 in Ho2Fe17, the
expected relative areas of the 4e, 4f , 6g, 12j , and 12k
9-5
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spectral components are 2.84, 9.79, 17.47, 34.95,
34.95%, respectively. Even though the relative areas give
Table II have been adjusted, they do not deviate substant
from the expected areas. The observed 4e relative area,
which is larger than the expected one, may indicate a m
extensive disorder in Tm2Fe17 than in Ho2Fe17, or a phase
slightly richer in iron, in agreement with a broadening17 of
the homogeneity range of theR2Fe17 phases with the increas
ing atomic number of the rare earth.

Tm2Fe17D3.2. The Mössbauer spectra of Tm2Fe17D3.2 ob-
tained at 4.2, 45, 85, 155, and 295 K, are shown in Fig. 5
visual comparison of Figs. 4 and 5 immediately indica
that the deuterium atoms have entered the structure, and

FIG. 5. The Mössbauer spectra of Tm2Fe17D3.2 obtained at the
indicated temperatures.
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they have dramatic effects on the hyperfine parameters
contrast, with the break in the temperature dependence o
Tm2Fe17 spectra, the spectra of Tm2Fe17D3.2 shown in Fig. 5
are broad, and show a smooth temperature dependenc
4.2 K, the sharpness of the Mo¨ssbauer spectrum of Tm2Fe17
has disappeared in Tm2Fe17D3.2 because of the basal orien
tation of the iron magnetic moments, whereas at 295
Tm2Fe17D3.2 shows a magnetic spectrum because of its
creased ordering temperature upon deuterium insert
These Mo¨ssbauer spectra were analyzed14,15 with eight sex-
tets assigned to the magnetically inequivalent 4e, 4f , 6g4 ,
6g2 , 12j 8 , 12j 4 , 12k8 , and 12k4 iron sites, and one addi
tional sextet assigned to thea-iron impurity, with a relative
area of;13%. One single linewidth of 0.33 mm/s has be
fit, and the relative areas of the 6g4 , 6g2 , 12j 8 , 12j 4 , 12k8 ,
and 12k4 sextets have been constrained in a ratio 4:2:8:4:8
The usual constraints on the isomer shifts and relative a
of crystallographically equivalent and magnetically inequiv
lent sites have been applied. Because the quadrupole inte
tions in Tm2Fe17D3.2 are not known, as was the case f
Tm2Fe17, quadrupole shift values withu equal to zero have
been fit, except for the 4e and 4f sites, for which quadrupole
interaction values withh equal to zero andu equal to 90°
have been fit. The resulting hyperfine parameters and rela
areas are given in Table III. The fitted relative areas given
Table III agree very well with the expected relative are
given above on the basis of the disorder observed16 in
Ho2Fe17.

V. DISCUSSION AND CONCLUSION

Both the ac susceptibility and the Mo¨ssbauer spectra
measurements confirm the presence of a spin reorientatio
Tm2Fe17 below 100 K. From the temperature dependence
the Mössbauer spectra, a spin-reorientation temperature o
K is estimated. Above 95 K, the magnetic moments are
ented within the basal plane; below 80 K they are paralle
the c axis, as a result of the dominant thulium sublatti
anisotropy. The spin-reorientation temperature of 90 K
larger than the earlier reported2,5,25 value of 72 K. This dif-
ference may result from the choice2,5,25of the inflection point
in the temperature dependence of the ac susceptibility as
spin-reorientation temperature, and from a difference
sample stoichiometry, a difference which is in agreem
with the broad homogeneity range26 of Tm2Fe17.

Both the ac susceptibility and the Mo¨ssbauer spectra
measurements on Tm2Fe17D3.2 reveal that the easy magnet
zation axis does not change between 4.2 and 295 K, an
oriented within the basal plane. Hence, in contrast to
insertion of carbon or nitrogen, both of which increase t
spin-reorientation temperature, the insertion of deuteri
suppresses the spin reorientation. Hence carbon and nitr
have opposite effects on the thulium anisotropy as compa
with deuterium. Although all three interstitial elements e
pand the lattice, their different chemical natures have diff
ent influences on the crystal electric-field gradient at the ra
earth site inR2Fe17. In the case of gadolinium, it was show
that carbon and nitrogen,27–29have an opposite effect on th
crystal electric field gradient to that of hydrogen.30 In the
9-6
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TABLE III. Mö ssbauer spectral hyperfine parameters for Tm2Fe17D3.2.

T, K 4 f 4e 6g4 6g2 12j 8 12j 4 12k8 12k4 Wt. Ave.

H, kOe 4.2 355.6 375.0 299.7 308.0 277.5 319.5 278.8 261.7 297.
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

d,a mm/s 4.2 0.180 0.150 20.005 20.005 0.075 0.075 0.085 0.085 0.076
45 0.180 0.150 20.020 20.020 0.071 0.071 0.083 0.083 0.071
85 0.174 0.142 20.035 20.035 0.069 0.069 0.073 0.073 0.063

120 0.160 0.128 20.050 20.050 0.057 0.057 0.061 0.061 0.050
155 0.145 0.120 20.065 20.065 0.040 0.040 0.045 0.045 0.034
225 0.095 0.070 20.105 20.105 0.000 0.000 0.002 0.002 20.008
295 0.025 0.005 20.145 20.145 20.040 20.040 20.050 20.050 20.055

QS,b mm/s 4.2 0.04 20.30 0.08 20.08 0.34 20.10 20.38 0.42 -
45 0.04 20.30 0.08 20.08 0.34 20.10 20.38 0.42 -
85 0.04 20.30 0.08 20.08 0.32 20.11 20.38 0.42 -

120 0.04 20.30 0.08 20.08 0.32 20.11 20.37 0.42 -
155 0.04 20.30 0.08 20.08 0.32 20.11 20.37 0.42 -
225 0.04 20.30 0.09 20.08 0.32 20.11 20.37 0.42 -
295 0.04 20.30 0.09 20.08 0.32 20.11 20.35 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 11.5 5.7 23.0 11.5 23.0 11.5 -

aThe isomer shifts are given relative to room-temperaturea-iron foil.
bQuadrupole shifts values, except for the 4e and 4f sites for which QS is the quadrupole splitting,DEQ , with u590°.
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case of erbium and thulium,166Er and 169Tm Mössbauer
spectral measurements3,31 have shown that the second-ord
crystal-field parameterA2

0 becomes more negative upon ca
bon or nitrogen insertion into Er2Fe17 and Tm2Fe17. Hence,
because deuterium insertion suppresses the spin reorient
in Tm2Fe17, we can conclude thatA2

0 either becomes more
positive or is essentially zero, as was observed30 in
Gd2Fe17Hx , with increasingx.

The fits shown in Figs 3, 4, and 5, with either five or eig
spectral components, are certainly not unique, but they
based on reasonable assumptions and constraints on th
perfine parameters. We assumed both that the relative a
of the 6g, 12j , and 12k iron sites are proportional to the
crystallographic degeneracies and that the quadrupole s
tings,DEQ , do not change at either the ordering temperat
or the spin-reorientation temperature of Tm2Fe17. We con-
strain the isomer shifts of magnetically inequivalent a
crystallographically equivalent iron sites to be equal.
shown below, these assumptions and constraints lead t
assignment of the different spectral components to the dif
ent iron sites, an assignment which is supported by the t
perature dependence of the hyperfine parameters and
06442
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changes in the observed spectra with changes in the r
earth atom inR2Fe17.

The temperature dependence of the isomer shift of
five different iron sites in Tm2Fe17 is shown in Fig. 6. At all
temperatures, the sequence of the isomer shifts, 4f .12k

FIG. 6. The temperature dependence of the isomer shifts
Tm2Fe17.
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.12j .6g, agrees with the sequence observed9,10,32,33in the
otherR2Fe17 and with the sequence of Wigner-Seitz cell vo
umes. The 4e isomer shift is smaller than the 4f isomer
shift, as was observed14 in Dy2Fe17 but not15 in Er2Fe17. The
temperature dependence of the five isomer shifts follow
typical second-order Doppler shift behavior with only a d
continuity near the spin-reorientation temperature. This d
continuity, which is artificially enhanced by the rather po
fits obtained at 85, 90, and 95 K, may be related to a sm
anisotropic magnetostriction of the unit cell at the sp
reorientation temperature, which manifests itself by
negative thermal expansion coefficient observed34 between
231 and 4.2 K.

The temperature dependence of the site average hype
fields in Tm2Fe17 is shown in Fig. 7. The 4e and 4f hyper-
fine fields are the largest observed9–11,14,15,32,33in the other
R2Fe17 compounds. The effect of the spin reorientation
the hyperfine fields is very clear at 92 K. Above 92 K, t
hyperfine field sequence, 4f .12j .6g'12k, follows the se-
quence observed9–11,14,15,32,33 in the other R2Fe17 com-
pounds, and is in agreement with the sequence of iron n
neighbors, 12.10510.9. Below 92 K, rather surprisingly
the 12j hyperfine field is the smallest. The assignment of
12j and 12k sites has been made on the basis of the iso
shift and the sign of the quadrupole interaction, and henc
reversed assignment of the fields is difficult without comp
mising other highly viable portions of the analysis.

As observed10,11,33earlier in Pr2Fe17Hx , with x between 3
and 5, and in Sm2Fe17N3 , all of which exhibit axial orienta-
tions of the iron magnetic moments and hyperfine fields,
hyperfine field at the dumbbell iron sites, 4f or 6c, is sig-
nificantly larger than in theR2Fe17 compounds, which ex-
hibit a basal orientation of the iron magnetic moments.
addition, all the hyperfine fields show a significant break
their temperature dependence near the spin-reorienta
temperature. The 4f , 6g, and 12k hyperfine fields decreas
when increasing the temperature through the spin reorie

FIG. 7. The temperature dependence of the site average hy
fine fields in Tm2Fe17.
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tion, whereas the 4e and 12j hyperfine fields increase;
similar behavior was observed11 in Pr2Fe17H3 . The 4f iron
atoms have both orbital and spin contributions35 to their
magnetic moments and their respective contributions to
hyperfine field are of opposite sign. Below the spin reorie
tation, the orbital contribution is reduced as a consequenc
the rotation of the iron moment away from their easy dire
tion within the basal plane toward their hard direction par
lel to thec axis. An additional contribution to the hyperfin
field is the transferred field induced by the thulium magne
moment, which increases rapidly with decreasing tempe
ture, as indicated by neutron-diffraction measurements34 and
our magnetization measurements at 30 kOe, see the ins
Fig. 1. The combination of the transferred and orbital con
butions, which both are temperature dependent, leads
substantial increase of the hyperfine field of;45 kOe, an
increase which is in perfect agreement2 with the earlier re-
ported value of 44 kOe.

The quadrupole interactions, given by the expression,

e2Qq

2 S 11
h2

3 D 1/2

,

have been kept essentially constant between 4.2 and 32
and they agree with those measured9,15,36 in Ce2Fe17,
Pr2Fe17, and in Er2Fe17.

The temperature dependence of theu angle, i.e., the angle
between the principal axis of the electric field gradient ten
and the hyperfine field, assumed to be parallel to the i
magnetic moment at the different iron sites in Tm2Fe17, is
shown in Fig. 8. As already noted above, theu angles for the
4e and 4f sites of zero and 90° below and above the sp
reorientation temperature, respectively, are in agreement
a principal axis of the electric-field gradientVzz, which is
parallel to thec axis of the unit cell and a hyperfine field
which is parallel and perpendicular to thec axis of the unit

er-

FIG. 8. The temperature dependence of theu angles in
Tm2Fe17.
9-8



r
ld
f
ch

4
e

o

ld

c

hifts
er

rger

rfine
of

pe-
on
the

i.

en-

s

yp

rage

t.

rage

MAGNETIC AND MÖSSBAUER SPECTRAL EVIDENCE . . . PHYSICAL REVIEW B 65 064429
cell below and above the spin-reorientation temperature,
spectively. Below 90 K, the principal axis of the electric-fie
gradient,Vzz, at the 6g, 12j , and 12k sites, makes angles o
61°, 66°, and 0°, respectively, with the hyperfine field whi
is assumed to be parallel to thec axis of the unit cell. These
values are different from those calculated9 for rhombohedral
Ce2Fe17. The random substitution of rare-earth atoms bye
iron pairs in hexagonal Tm2Fe17 modifies the electric charg
distribution around the iron atoms and hence the direction
Vzz relative to thec axis.

Above 92 K, the 6g, 12j , and 12k sites are subdivided
into two magnetically inequivalent sites with differentu
angles. Two preferential directions of the hyperfine fie
within the basal plane, along@100# and @2110#, were
observed5,32,34 in the Mössbauer spectra of Nd2Fe17 and
Pr2Fe17, respectively. The Mo¨ssbauer spectra of Tm2Fe17
above 92 K are similar to those of Nd2Fe17 and hence, the
iron magnetic moments are mainly along@100#. A compari-

FIG. 9. The temperature dependence of the isomer shift
Tm2Fe17D3.2.

FIG. 10. The temperature dependence of the site average h
fine fields in Tm2Fe17D3.2.
06442
e-

f

son of the Mo¨ssbauer spectra of Tm2Fe17D3.2 with those10,12

of Nd2Fe17H3 and Pr2Fe17Hx indicates that the iron magneti
moments are also along@100# in Tm2Fe17D3.2.

The smooth temperature dependence of the isomer s
in Tm2Fe17D3.2 is shown in Fig. 9. The sequence of isom
shifts, 4f .4e.12k'12j .6g, is similar to the sequence
observed14 in Dy2Fe17H3.8, with the exception of the 4e site.
This site has a very small relative area in the Mo¨ssbauer
spectra and hence the error in its isomer shift may be la
than for the other sites.

The temperature dependence of the site average hype
fields in Tm2Fe17D3.2 is shown in Fig. 10. The sequence
hyperfine fields, 4e.4 f .6g.12j .12k, is identical to the
sequence observed14 in Dy2Fe17H3.8.

The effect of deuterium insertion in Tm2Fe17 on the
weighted average isomer shift is illustrated in Fig. 11. S
cifically, the weighted average isomer shift increases up
deuterium insertion because of the lattice expansion, and
resulting decrease in thes-electron density at the iron nucle
The solid lines in Fig. 11 were calculated37 for a second-
order Doppler shift model. The smooth temperature dep
dence of the weighted average isomer shift in Tm2Fe17D3.2 is

in

er-

FIG. 11. The temperature dependence of the weighted ave
isomer shifts in Tm2Fe17 and Tm2Fe17D3.2. The solid and dotted
lines are second-order Doppler shift fits as described in the tex

FIG. 12. The temperature dependence of the weighted ave
hyperfine fields in Tm2Fe17 and Tm2Fe17D3.2. The solid lines are
guides to the eyes.
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well fit with an iron effective vibrating mass of 57 g/mol an
a Mössbauer lattice temperature of 386 K. Because of
break in the temperature dependence of the weighted ave
isomer shift in Tm2Fe17 at 90 K, the fit was carried out in
two temperature ranges, as shown by the two curves in
11. Preliminary fits showed that the iron effective vibratin
masses were close to 57 g/mol, and they were subsequ
constrained to this value. The corresponding Mo¨ssbauer lat-
tice temperatures are;410 K in both the low- and high-
temperature regions.

The effect of deuterium insertion in Tm2Fe17 on the
weighted average hyperfine field is illustrated in Fig. 1
Below 92 K, the weighted average hyperfine field
Tm2Fe17 is larger than in Tm2Fe17D3.2. This small decrease
in the saturation hyperfine field upon deuterium insertion
dicates that there is no increase in the iron magnetic m
ments, as suggested by the saturation magnetization m
H
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sured in both compounds; see Sec. III. Because the orde
temperature of Tm2Fe17 is 280 K, its weighted average hy
perfine field decreases rapidly to zero, whereas the weig
average hyperfine field in Tm2Fe17D3.2 decreases only
slightly between 4.2 and 295 K.
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