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57Fe Mössbauer spectroscopy of HoErFe17ÀxGaxCy compounds
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57Fe Mössbauer studies were carried out on the phases HoErFe172xGax (x50 – 7) and HoErFe172xGaxC
(x50, 1, and 2! at 25 K and room temperature. The weighted average hyperfine field at room temperature is
found to increase initially for low Ga content and then decreases for phases with higher Ga concentration. The
hyperfine fields at Fe sites follow the sequence 4f (6c).6g(9d).12j (18f ).12k(18h), which is determined
mostly by the number of Fe andR nearest neighbors. The variation of the weighted average hyperfine field with
temperature is found to obeyT2 behavior, suggesting the presence of single-particle excitations. Insertion of
carbon at interstitial sites is found to increase the individual site hyperfine fields and hence an increase in the
weighted average hyperfine field. The 12j and 12k sites of Fe show significant increase in isomer shift
compared to other Fe sites.

DOI: 10.1103/PhysRevB.64.094427 PACS number~s!: 76.80.1y, 71.20.Lp, 61.72.Ji
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I. INTRODUCTION

Many studies have been devoted to study the structur
theR2Fe172xMxAy ~M5Al, Ga, Si; A5C, N! in order to un-
derstand the relation between structure and magnetic pro
ties since it is well established that the most effective way
increasing the Curie temperature and anisotropy ofR2Fe17

compounds is to synthesize interstitial or substitutional so
solutions.1–7 The 4f sites of Fe play an important role i
determining the magnetic properties of theR2Fe17 com-
pounds and their interstitial solid solutions.8 Recently, we
have reported on the structural and magnetic propertie
HoErFe172xGax compounds9 and their carbides10 which con-
tain rare earths with a mixture of positive~Er! and negative
~Ho! Steven’s factor. Detailed neutron diffraction studi
were also performed on these compounds.11 The incorpora-
tion of carbon inR2Fe17 lattices leads to an increase in th
Curie temperature through lattice expansion. A simi
mechanism is thought to be responsible for the increas
the Curie temperature in nonmagnetic atom substitu
R2Fe17 compounds. InR2Fe17 compounds, the magnetic an
isotropy of the rare-earth sublattice shows a different te
perature dependence from that of the Fe sublattice. Thus
compounds may exhibit a change in magnetic anisotrop
the temperature is varied. The decrease in rare-earth su
tice anisotropy with increasing temperature, in general
steeper than that of an iron sublattice, resulting in a cha
of the sign of the total anisotropy at a temperature belowTC .
To examine the change of the easy magnetization directio
low temperature and as part of a comprehensive study o
effect of combined substitutional-interstitial modification o
the structure and magnetic properties of the rare-earth-b
R2Fe17 compounds, Mo¨ssbauer spectroscopy studies, whi
probe on a microscopic basis the iron atoms on the f
inequivalent crystallographic sites, were carried out at b
room temperature and low temperature. We report here
results obtained from57Fe Mössbauer studies carried o
HoErFe172xGax (x50 – 7) and their carbides
HoErFe172xGaxC (x50 – 2). The variations in hyperfine pa
0163-1829/2001/64~9!/094427~8!/$20.00 64 0944
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rameters with Ga substitution at Fe sites and with carbo
the interstitial sites and the temperature dependence of
perfine parameters are also discussed.

II. EXPERIMENT

The compounds HoErFe172xGax (x50 – 7) were prepared
by arc melting the constituent elements~Ho, Er, Ga: 99.9%;
Fe: 99.99%! in high-purity Ar atmosphere. The ingots wer
wrapped in Ta foil, sealed in quartz ampoules under a p
sure of 1026 torr, annealed at 900 °C for 1 week, and sub
quently slow cooled to room temperature. To synthesize
bides HoErFe172xGaxC (x50 – 2), due to the high melting
point of carbon, Fe and C were melted together first to fo
Fe3C ~Cementite!, which has a lower melting temperatur
The alloy was then melted with the remaining constitue
elements to form an ingot. The ingots were wrapped in
foils and subsequently annealed at 1100 °C for 3 days
order to avoid the formation of aR2Fe14C phase during cool-
ing, the ingots were quenched into an ice-water mixture. T
phases were characterized by powder x-ray diffraction us
CrKa (l52.289 Å) radiation. Mo¨ssbauer spectra were re
corded using a conventional constant-acceleration spectr
eter with a 20-mCi57Co source in a Rh matrix. The spec
trometer was calibrated witha-Fe at room temperature. Th
Mössbauer absorbers were in the form of powder, with
dimension of about 30 mg/cm2. The recording time depend
on the concentration of Fe in the compound. In the pres
study, the minimum recording time was around 12 h a
maximum around 48 h. The temperature-variation stud
were carried out in the range 300–25 K with the help o
closed-cycle helium refrigerator, which is interfaced with t
Mössbauer spectrometer.12 The sample chamber was fille
with helium gas at a pressure of 1 atm. The temperature
the sample was monitored using a carbon glass resisto
temperature sensor.

III. RESULTS AND DISCUSSION

57Fe Mössbauer studies have been carried out on
phases HoErFe172xGaxCy at both room temperature and 2
©2001 The American Physical Society27-1
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K. The aim of this study is to investigate the variation
hyperfine fields at crystallographically inequivalent Fe si
upon Ga substitution and carbon insertion. The variation
isomer shifts and quadrupole splitting at various sites w
also analyzed. The spin-reorientation transitions observe
carbonated compounds through ac magnetic susceptib
measurements13 were used for assignment of sextets in an
lyzing the Mössbauer spectra at 25 K. The assignment
hyperfine parameters to the different sextets and the fit
procedures are also presented.

A. Analysis of the Mössbauer spectra

The obtained Mo¨ssbauer spectra are fitted and analyz
using thePCMOSleast-squares refinement program. As th
are four different crystallographic sites for Fe in both t
hexagonal and rhombohedral-typeR2Fe17 compounds, the
observed spectrum must be a superposition of at least
sextets. The different Fe sites in the hexagonal and rhom
hedral ~in brackets! structures are denoted as 4f (6c),
6g(9d), 12j (18f ), and 12k(18h). Point-charge cal-
culations14 showed that under the combined effect of t
dipolar field and quadrupole interaction, only the dumbb
4 f (6c) sites remain equivalent since the angle between
hyperfine field and the electric field gradient tensor is ze
The hyperfine parameters are different at various crysta
graphically inequivalent sites. When the magnetization dir
tion is along thec axis, the angle between the hyperfine fie
and the electric field gradient is the same for all crysta
graphically inequivalent sites and hence there is no a
tional splitting and the sites remain equivalent for both str
tures. When the magnetization direction lies in the ba
plane, for the rhombohedral structure, the 9d, 18f , and 18h
sites each splits into two groups with an intensity ratio 2
while in the hexagonal structure, the 6g and 12k sites split
into two groups with an intensity ratio 2:1 and the 12j site
splits into three groups with an intensity ratio 1:1:1. Sin
the dipolar fields at two of the three groups of the 12j sites
are very close, they can be treated in the same way as thef
site in the rhombohedral compounds. In other words,
cause of the differences in the angle between the magne
tion direction and the direction of the main axis of th
electric field gradient tensor, the crystallographica
equivalent iron atoms of a given subgroup w
become magnetically nonequivalent. This leads to a t
number of seven subspectra with intensity ra
4~6!:4~6!:2~3!:8~12!:4~6!:8~12!:4:~6!.15,16

In the present study, due to large number of sextets, s
constraints were adopted during the process of fitting. As
sample was not subjected to any external magnetic field,
intensities of the six absorption lines of each of the sex
were assumed to obey the 3:2:1 intensity ratio. The rela
intensity ratios for each of the special components were c
strained to nearly 4~6!:6~9!:12~18!:12~18!, corresponding to
the site occupancy of Fe atoms in the crystal structure.
isomer shifts for the magnetically inequivalent sites we
constrained to be the same, whereas the hyperfine fields
expected to be slightly different at pairs of magnetically
equivalent sites as a result of variations in the dipolar a
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orbital contributions to the magnetic hyperfine fields.
single common linewidth was assumed for all the sev
sextets.17,18

B. HoErFe17ÀxGax „xÄ0,1,2,3,4,5,6,7…
57Fe Mössbauer spectra have been recorded for th

compounds at both room temperature and 25 K. Since
compounds possess planar anisotropy at room tempera
as confirmed by x-ray diffraction studies on magnetica
oriented samples, the magnetic moments lie in the ba
plane of the unit cell. Therefore, the four inequivalent cry
tallographic sites for Fe split into seven inequivalent ma
netic sites and are designated as 4f (6c), 6g1(9d1),
6g2(9d2), 12j 1(18f 1), 12j 2(18f 2), 12k1(18h1), and
12k2(18h2). Figures 1~a!, 1~b! and 2~a!, 2~b! show the
Mössbauer spectra obtained at room temperature and 2
respectively. Due to the presence of multiple sextets,
spectra are quite complex. Based on neutron diffraction
Mössbauer studies on the compounds in the present inv
gation and also by comparing the data available in the lite
ture on isostructural compounds,11,19 the percentage occupa
tion of Ga atoms at crystallographically inequivalent Fe si
is summarized in Table I. It is evident that the compoun
with x50 – 4 crystallize in the hexagonal unit cell and G
atoms occupy 12j and 12k sites. Compounds withx>5 crys-
tallize in rhombohedral structure. Forx55, Ga atoms occupy
the equivalent 18f and 18h sites in rhombohedral structure
For compounds withx.5, Ga starts to occupy the dumbbe
6c site in the rhombohedral structure. It is interesting to n
that, at high Ga concentration, the occupancy is more atf
sites compared to 18h sites.

C. Effect of Ga substitution on hyperfine fields

Table II presents the hyperfine fields and the weigh
average values at various magnetically inequivalent Fe s
of HoErFe172xGax compounds at 25 K and room temper
ture ~brackets!, respectively. It can be noted that with in
creasing Ga concentration, there is an initial increase in
weighted average hyperfine fields at room temperatu
which reaches a maximum for phases withx51 and then
decreases with further increase in Ga content. The varia
of the weighted average hyperfine fields is shown in Fig
The behavior resembles the trend of room-temperature m
netization in Ga substituted compounds.10 But the range of
concentration of the Ga at which the hyperfine field a
magnetization peaks is different. This behavior is well e
plained by invoking the concepts of chemical effect~charge
transfer from the valence band of Ga to the 3d band of Fe!
and the magnetic dilution effect. The reduction in hyperfi
fields at higher Ga content is mainly due to magnetic di
tion. Hyperfine fields at various Fe sites are in the order

Hhf@4 f ~6c!#.Hhf@6g~9d!#.Hhf@18f ~12j !#

.Hhf@12k~18h!#,

which agrees well with other studies.16 The hyperfine split-
ting of the dumbbell site 4f (6c) is larger than those of the
other three sites. The strength of the hyperfine field at e
7-2
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57Fe MÖSSBAUER SPECTROSCOPY OF . . . PHYSICAL REVIEW B 64 094427
site is predominantly determined by the number of iron a
rare-earth nearest neighbors of the site. The higher the n
ber of iron neighbors, the larger is the hyperfine fie
whereas the higher the number of rare-earth neighbors,

FIG. 1. ~a! Mössbauer spectra of HoErFe172xGax (x50 – 3) at
300 K. ~b! Mössbauer spectra of HoErFe172xGax (x54 – 7) at
300 K.
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smaller is the hyperfine field. The magnitude of the hyperfi
field is directly correlated to the number of nearest-neigh
Fe atoms. The number of nearest-neighbor Fe atoms at
ferent sites are listed in Table III. The number of Fe neig
bors for 4f (6c), 6g(9d), 12j (18f ), and 12k(18h) are 13,
10, 10, and 9, respectively.20 So, in HoErFe172xGax com-

FIG. 2. ~a! Mössbauer spectra of HoErFe172xGax (x50 – 3) at
25 K. ~b! Mössbauer spectra of HoErFe172xGax (x54 – 7) at 25 K.
7-3
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pounds, there are (132x) Fe nearest neighbors for F
4 f (6c) sites, (102x) for Fe 6g(9d) and 12j (18f ) sites,
and (92x) for Fe 12k(18h) sites depending on the occup
tion of Ga at Fe sites. Since the 4f (6c) site has a large
number of Fe nearest neighbors, it is reasonable to expec
highest hyperfine field for this site. Similarly, the 12k(18h)
site has the lowest value for the hyperfine field as a con
quence of the smallest number of Fe nearest neighbors.
Fe sites 6g(9d) and 12j (18f ) have the same number of F
nearest neighbors. But the Fe-Fe interatomic distances a
6g(9d) site is somewhat smaller than that observed
12j (18f ) sites and hence a larger hyperfine field is obser
at 6g(9d) sites than 12j (18f ) sites. This attribution of hy-
perfine fields is consistent with neutron diffraction results
the Nd2Fe17 compound21 and band structure calculations o
Y2Fe17.

22 It is clear from Table II that there is a difference
hyperfine fields between magnetically inequivalent si

TABLE I. Occupancy of Ga atoms~%! at crystallographically
inequivalent Fe sites in HoErFe172xGax (x50 – 7) compounds.

x
4 f

(6c)
6g

(9d)
12j

(18f )
12k

(18h)

0 0 0 0 0
1 0 0 4.8 11.5
2 0 0 14.2 18.7
3 0 0 18.3 31.3
4 0 0 31.8 35.2
5 0 0 43.2 39.6
6 25.2 0 57.2 35.6
7 77.3 0 63.8 28.1

TABLE II. Magnetic hyperfine fields~61 kOe! and the
weighted average values~61 kOe! for HoErFe172xGax at 25 K and
300 K ~in parentheses!.

x

4 f
(6c)
~kOe!

6g1

(9d1)
~kOe!

6g2

(9d2)
~kOe!

12j 1

(18f 1)
~kOe!

12j 2

(18f 2)
~kOe!

12k1

(18h1)
~kOe!

12k2

(18h2)
~kOe!

Average
~kOe!

0 237 221 209 192 173 172 156 191
~184! ~171! ~167! ~161! ~155! ~152! ~146! ~160!

1 235 225 211 190 175 176 163 192
~207! ~178! ~171! ~165! ~159! ~154! ~151! ~167!

2 229 217 208 187 176 168 160 189
~198! ~166! ~160! ~152! ~147! ~137! ~132! ~152!

3 217 206 203 182 174 162 153 182
~196! ~163! ~158! ~149! ~143! ~133! ~130! ~151!

4 203 192 184 169 163 148 141 169
~188! ~159! ~151! ~147! ~140! ~130! ~121! ~146!

5 192 174 168 154 151 136 124 155
~177! ~155! ~147! ~145! ~139! ~128! ~113! ~143!

6 161 157 143 139 132 129 118 138
~148! ~136! ~123! ~125! ~113! ~113! ~104! ~122!

7 138 134 123 130 126 114 103 121
~126! ~116! ~108! ~104! ~97! ~93! ~81! ~100!
09442
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@4 f (6c), 6g1(9d1), 6g2(9d2), 12j 1(18f 1), 12j 2(18f 2),
12k1(18h1), and 12k2(18h2)#.

In order to determine the variation of hyperfine field wi
temperature, the Mo¨ssbauer spectra were recorded for t
compound HoErFe15Ga2 at different temperatures~25, 100,
200, and 300 K!. The temperature dependence of the aver
hyperfine field~weighted average of the contribution from
different Fe sites! was analyzed in terms of different powe
laws of the reduced temperature. The reduced hyper
fields can be expressed as

Heff~T!

Heff~0!
5H 12bS T

Tc
D 2J . ~1!

The variation of the hyperfine field with temperature fits ve
well to Eq.~1! as shown in Fig. 4. The value of the hyperfin
field at 25 K has been taken asHhf(0). The value of the
constantb is 0.53. It has been reported that in Y2Fe17,

FIG. 3. Variation of the weighted average hyperfine field w
Ga content in HoErFe172xGax (x50 – 7) at 25 and 300 K.

TABLE III. Number of Fe andR neighbors for Fe atoms a
various crystallographic sites inR2Fe17 compounds.

Site 4f (6c) 6g(9d) 12(18f ) 12k(18h) 2b,2d(6c)

4 f (6c) 1 3 6 3 1
6g(9d) 2 0 4 4 2
12(18f ) 2 2 2 4 2
12k(18h) 1 2 4 2 3

Site
Number of

Fe neighbors
Number of

rare-earth neighbors

4 f (6c) 13 1
6g(9d) 10 2
12j (18f ) 10 2
12k(18h) 9 3
7-4
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Nd2Fe17, and Dy2Fe17, the temperature dependence of t
hyperfine fields follows the above equation with a const
b50.5.23,24 The temperature dependence of the magnet
tion of ferromagnetic metals is also found to obeyT2 behav-
ior. This kind ofT2 behavior is usually attributed to the pre
ence of single-particle excitations. Based on the
arguments, one can conclude that, due to direct relation
between the hyperfine field and Fe magnetic moment, sin
particle excitations are responsible for the reduction in m
netization with temperature in these compounds.

FIG. 4. Temperature variation of the weighted average hyper
field in HoErFe15Ga2.

TABLE IV. Isomer shifts~60.01 mm/s! at various Fe sites in
HoErFe172xGax at 25 K and 300 K~in parentheses!.

x

4 f
(6c)

~mm/s!

6g1

(9d1)
~mm/s!

6g2

(9d2)
~mm/s!

12j 1

(18f 1)
~mm/s!

12j 2

(18f 2)
~mm/s!

12k1

(18h1)
~mm/s!

12k2

(18h2)
~mm/s!

0 0.21 20.09 20.09 0.02 0.02 0.03 0.03
~0.10! ~20.15! ~20.15! ~20.04! ~20.04! ~20.05! ~20.05!

1 0.22 20.08 20.08 0.03 0.03 0.05 0.05
~0.10! ~20.07! ~20.07! ~20.01! ~20.01! ~20.02! ~20.02!

2 0.25 20.05 20.05 0.03 0.03 0.04 0.04
~0.11! ~20.06! ~20.06! ~20.01! ~20.01! ~0.01! ~0.01!

3 0.28 20.05 20.05 0.05 0.05 0.10 0.10
~0.14! ~20.03! ~20.03! ~0.01! ~0.01! ~0.05! ~0.05!

4 0.34 20.03 20.03 0.06 0.06 0.14 0.14
~0.16! ~20.01! ~20.01! ~0.04! ~0.04! ~0.10! ~0.10!

5 0.38 20.01 20.01 0.09 0.09 0.17 0.17
~0.21! ~0.02! ~0.02! ~0.13! ~0.13! ~0.11! ~0.11!

6 0.40 0.02 0.02 0.11 0.11 0.18 0.18
~0.24! ~0.04! ~0.04! ~0.12! ~0.12! ~0.15! ~0.15!

7 0.40 0.01 0.01 0.10 0.10 0.18 0.18
~0.27! ~0.05! ~0.05! ~0.12! ~0.12! ~0.16! ~0.16!
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Isomer shifts at different inequivalent Fe sites indicati
the variations in the chemical environment at the Fe nucl
are presented in Table IV. The isomer shift increases with
increasing Ga concentration. The charge transfer between
valence band of Ga and the 3d band of Fe may probably
result in a 3d-4s intraatomic charge redistribution. This, i
turn, reduces thes-electron density at the Fe nucleus. Th
will lead to an increase in the isomer shift. Similar behav
is reported in Al-substitutedR2Fe17 compounds.25

The variation of isomer shifts at different sites with G

e FIG. 5. Variation of the isomer shift at crystallographically in
equivalent Fe sites in HoErFe172xGax (x50 – 7) at 25 K.

TABLE V. Quadrupole splittings~60.01 mm/s! at different Fe
sites for HoErFe172xGax at 25 K and 300 K~in parentheses!.

x

4 f
(6c)

~mm/s!

6g1

(9d1)
~mm/s!

6g2

(9d2)
~mm/s!

12j 1

(18f 1)
~mm/s!

12j 2

(18f 2)
~mm/s!

12k1

(18h1)
~mm/s!

12k2

(18f 2)
~mm/s!

0 20.04 20.06 0.32 0.28 20.13 20.21 0.38
~20.02! ~0.10! ~0.30! ~0.17! ~20.09! ~20.34! ~0.32!

1 20.09 20.08 0.34 0.07 20.12 20.09 0.37
~20.03! ~20.14! ~0.30! ~0.03! ~20.09! ~20.23! ~0.33!

2 20.14 20.16 0.33 20.05 20.12 0.06 0.37
~20.04! ~20.18! ~0.31! ~0.01! ~20.09! ~20.18! ~0.34!

3 20.17 20.17 0.36 0.09 20.11 0.08 0.36
~20.06! ~20.22! ~0.28! ~0.03! ~20.06! ~20.22! ~0.34!

4 20.20 20.17 0.36 0.16 20.13 0.09 0.37
~20.09! ~20.19! ~0.29! ~0.06! ~20.10! ~0.22! ~0.33!

5 20.23 20.14 0.35 0.14 20.09 0.07 0.45
~20.12! ~20.19! ~0.29! ~0.05! ~20.05! ~0.19! ~0.43!

6 20.27 20.13 0.35 0.23 20.10 0.05 0.45
~20.14! ~20.14! ~0.27! ~0.05! ~20.05! ~0.17! ~0.44!

7 20.30 20.08 0.34 20.02 20.09 0.05 0.46
~20.14! ~20.10! ~0.26! ~20.15! ~20.04! ~0.15! ~0.43!
7-5
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content is shown in Fig. 5. It is noteworthy that the iro
4 f (6c) site has a larger isomer shift and the 6g(9d) site has
a lower isomer shift. InR2Fe17 phases, the Wigner-Seitz ce
volume is the largest for Fe 4f (6c) site, whereas it is the
smallest for the 6g(9d) site.26 Therefore, thes-electron den-
sity at the nucleus will be smallest at the Fe 4f (6c) site and
largest at the 6g(9d) site. Since the isomer shift is directl
proportional to the negative of thes-electron density at the
Fe nucleus, it has larger value at the 4f (6c) site compared to
the 6g(9d) site.

The quadrupole splittings for HoErFe172xGax compounds
at different magnetically inequivalent Fe sites at 25 K a
room temperature~brackets! are presented in Table V. In
R2Fe17 compounds, the angle between the principal com
nent of the electric field gradient tensor and the hyperfi
field is known only for the 4f (6c) site. The direction of the
principal component of the electric field gradient is n
known for other three sites, viz., 6g, 12j , and 12k sites.
Therefore, the observed quadrupole splitting for 4f (6c) cor-
responds toe2Qq and is plotted in Fig. 6. The substitution o
Ga changes the magnitude and sign of the quadrupole s
ting at various Fe sites. In particular, there are large va
tions in the values for the 12j 1(18f 1) and 12k1(18h1) sites.

D. HoErFe17ÀxGaxC „xÄ0, 1, and 2…
57Fe Mössbauer spectra were recorded at 25 K and ro

temperature for the carbides HoErFe172xGaxC ~x50, 1, and
2!. It is established through ac magnetic susceptibi
measurements13 that the easy magnetization direction lies
the basal plane of the unit cell at room temperature, whe
it is oriented along thec axis at 25 K. Figures 7~a! and 7~b!
show the Mo¨ssbauer spectra of HoErFe172xGaxC ~x50, 1,
and 2! compounds at room temperature and 25 K, resp
tively. The spectra of all compounds were fitted into sev
independent sextets at room temperature due to the pl

FIG. 6. Variation of the quadrupole splitting at the Fe (4f ) site
in HoErFe172xGax (x50 – 7) at 25 and 300 K.
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anisotropy exhibited by these compounds. Since the c
pounds show a spin-reorientation transition~43 K for
HoErFe17C, 50 K for HoErFe16GaC, and 31 K for

FIG. 7. ~a! Mössbauer spectra of HoErFe172xGaxC (x50,1,2)
compounds at 300 K.~b! Mössbauer spectra of HoErFe172xGaxC
(x50,1,2) compounds at 25 K.
7-6



ic

s-
d

Fe
pe
rfi
ra

i

ur
a
h
pr
f
O
si
F
-

-
h
e

.

o
t-
t

o
th

le

and

ex-
mer
of

the
n-

on
the

the
nd,
t of
d in
-

on
in-

an

ses

ed
as a

he
an-
ell

era-
ra-

en
hy-

fine

57Fe MÖSSBAUER SPECTROSCOPY OF . . . PHYSICAL REVIEW B 64 094427
HoErFe15Ga2C), as confirmed by ac magnet
susceptibility,13 the spectra were fitted into four sextets~4 f ,
6g, 12j , and 12k!. The population of Fe at each site is a
sumed to be the same as in the Ga-substituted compoun

Table VI~a! presents the hyperfine fields at various
sites together with the weighted average values. The hy
fine fields at various Fe sites and hence the average hype
field increase slightly with carbon insertion. The incorpo
tion of carbon into the lattice gives rise to an increase
volume and associated with this is a sharp increase inTC .
According to the spin-polarized electron band struct
calculation,27 a relative change in volume gives rise to
relative increase in the average magnetic moment. It
been found that the average hyperfine fields are nearly
portional to the average iron moment.28 As a consequence o
this, the hyperfine field increases with carbon insertion.
the other hand, the hyperfine field decreases with increa
Ga content as a result of the reduction in the number of
atoms. Similar to HoErFe15Ga2, Mössbauer spectra were re
corded for the compound HoErFe15Ga2C at various tempera
tures to determine the variation of the hyperfine field. T
temperature variation of the weighted average hyperfine fi
is plotted in Fig. 8 and is found to follow the Eq.~1! (b
50.51) similar to that observed in Ga-substituted phases

The isomer shifts of HoErFe172xGaxC ~x50, 1, and 2! at
various Fe sites are presented in Table VI~b!. All four isomer
shifts increase upon carbonation. The influence of carb
ation on the 12j and 12k sites, which have one neares
neighbor carbon atom each, is more pronounced than on
6c and 9d sites, which have no nearest-neighbor carb
atom. The assignment of the isomer shift is based on
Wigner-Seitz cell volumes29 for the crystallographically in-
equivalent 4f , 6g, 12j , and 12k sites. The Fe 4f (6c) site
has the largest isomer shift, in agreement with its smal

TABLE VI. ~a! Weighted average hyperfine field~61 kOe! and
~b! isomer shift~60.01 mm/s! at Fe sites in HoErFe172xGaxC at 25
K and 300 K~in parentheses!.

~a!
x

4 f
~kOe!

6g
~kOe!

12j
~kOe!

12k
~kOe!

Average
~kOe!

0 263 248 213 183 214
~224! ~201! ~186! ~164! ~185!

1 255 234 201 179 201
~226! ~190! ~183! ~164! ~178!

2 252 233 201 180 196
~218! ~183! ~177! ~165! ~169!

~b!
x

4 f
~mm/s!

6g
~mm/s!

12j
~mm/s!

12k
~mm/s!

0 0.22 20.12 0.09 0.15
~0.07! ~20.14! ~0.02! ~0.05!

1 0.23 20.05 0.08 0.11
~0.09! ~20.08! ~0.01! ~0.02!

2 0.26 20.04 0.16 0.08
~0.12! ~20.08! ~0.01! ~0.01!
09442
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Wigner-Seitz volume. The sequences of isomer shifts
Wigner-Seitz cell volumes, 4f .12k.12j .6g, are identi-
cal.

The effect of carbonation on the isomer shift can be
plained on either the basis of the weighted average iso
shift or isomer shifts of the individual sites. The expansion
the unit-cell volume due to carbonation increases
Wigner-Seitz cell volume of each site. This overall expa
sion of the lattice results in the well-known volume effect
the weighted average isomer shift, thereby decreasing
electron density at the iron nucleus. This accounts for
increase in the observed isomer shift. On the other ha
both the number of interstitial carbon atoms and the effec
carbon on the volume expansion need to be considere
explaining the isomer shift of an individual iron site. How
ever, the 4f and 6g sites have no nearest-neighbor carb
atoms and hence the isomer shift depends solely on the
crease in volume. The isomer shift at the 12j (18f ) site
where the iron is closest to the interstitial carbon shows
increase with carbon insertion.

IV. CONCLUSIONS

57Fe Mössbauer studies were carried out on the pha
HoErFe172xGax (x50 – 7) and HoErFe172xGaxC ~x50, 1,
and 2! at 25 K and room temperature. The spectra obtain
in Ga-substituted compounds were fitted to seven sextets
result of the splitting of the 6g(9d), 12j (18f ), and
12k(18h) sites into magnetically inequivalent sites. Since t
carbides possess uniaxial anisotropy at 25 K and planar
isotropy at room temperature, the spectra were fitted w
into four sextets at 25 K and seven sextets at room temp
ture. The weighted average hyperfine field at room tempe
ture is found to increase initially for low Ga content and th
decreases for phases with higher Ga concentration. The

FIG. 8. Temperature variation of the weighted average hyper
field in HoErFe15Ga2C.
7-7
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perfine fields at Fe sites follow the sequence 4f (6c)
.6g(9d).12j (18f ).12k(18h), which is determined
mostly by the number of Fe andR nearest neighbors. Th
variation of weighted average hyperfine field with tempe
ture is found to obeyT2 behavior, suggesting the presence
single-particle excitations. The Fe 4f (6c) site has a larger
isomer shift and the 6g(9d) site has a smaller isomer shif
nd

te

.
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09442
-
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suggesting that thes-electron density at the nucleus
smaller at the Fe 4f (6c) site and is larger at the 6g(9d) site.
Insertion of carbon at interstitial sites is found to increase
individual site hyperfine fields and hence an increase in
weighted average hyperfine field. The 12j and 12k sites of
Fe show a significant increase in the isomer shift compa
to other Fe sites.
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