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>Fe Mossbauer spectroscopy of HoErFg_,Ga,C, compounds
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S’Fe Mossbauer studies were carried out on the phases HeEr®@a, (x=0-7) and HoErFg_,GaC
(x=0, 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 sequendé€tt) >6g(9d)>12j(18f ) >12k(18h), which is determined
mostly by the number of Fe arRInearest neighbors. The variation of the weighted average hyperfine field with
temperature is found to obel? 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. Thejl@nd 1X sites of Fe show significant increase in isomer shift
compared to other Fe sites.
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[. INTRODUCTION rameters with Ga substitution at Fe sites and with carbon at
the interstitial sites and the temperature dependence of hy-
Many studies have been devoted to study the structure gierfine parameters are also discussed.

theRFe;7_ M, A, (M=Al, Ga, Si; A=C, N) in order to un-
derstand the relation between structure and magnetic proper-
ties since it is well established that the most effective way of  The compounds HoErke ,Ga, (x=0-7) were prepared
increasing the Curie temperature and anisotropyRgffe;; by arc melting the constituent elemertkso, Er, Ga: 99.9%;
compounds is to synthesize interstitial or substitutional solid=e: 99.99% in high-purity Ar atmosphere. The ingots were
solutionst™" The 4f sites of Fe play an important role in wrapped in Ta foil, sealed in quartz ampoules under a pres-
determining the magnetic properties of tiFe; com-  sure of 10 ®torr, annealed at 900 °C for 1 week, and subse-
pounds and their interstitial solid solutioh®Recently, we quently slow cooled to room temperature. To synthesize car-
have reported on the structural and magnetic properties dfides HoErFg,_,GaC (x=0-2), due to the high melting
HoErFg,_,Ga, compoundSand their carbidé8 which con-  point of carbon, Fe and C were melted together first to form
tain rare earths with a mixture of positi¢Er) and negative Fe&C (Cementit¢, which has a lower melting temperature.
(Ho) Steven's factor. Detailed neutron diffraction studies The alloy was then melted with the remaining constituent
were also performed on these compouhidEhe incorpora- €lements to form an ingot. The ingots were wrapped in Ta
tion of carbon inR,Fe;; lattices leads to an increase in the foils and subsequently annealed at 1100°C for 3 days. In
Curie temperature through lattice expansion. A similarorder to avoid the formation of B,Fe,,C phase during cool-
mechanism is thought to be responsible for the increase i19: the ingots were quenched into an ice-water mixture. The
the Curie temperature in nonmagnetic atom substitute@hases were characterized by powder x-ray diffraction using

R,Fe,; compounds. IrR,Fe,; compounds, the magnetic an- CriKa ()\=.2.289A) rad!atlon. Mesbauer spectr_a were re-
isotropy of the rare-earth sublattice shows a different tem&0rded using a cor_ls\gentmnal constant-acceleration spectrom-
perature dependence from that of the Fe sublattice. Thus e’ With a 20-mCiP’Co source in a Rh matrix. The spec-
compounds may exhibit a change in magnetic anisotropy alfometer was calibrated W'th'Fe at room temperafure. The
the temperature is varied. The decrease in rare-earth subldyloSsbauer absorbers were in the form of powder, with a
tice anisotropy with increasing temperature, in general, igimension of about 30 mg/ﬁnThe recording time depends
steeper than that of an iron sublattice, resulting in a chang@" the concentration of Fe in the compound. In the present
of the sign of the total anisotropy at a temperature befow ~ Study, the minimum recording time was around 12 h and
To examine the change of the easy magnetization direction &aXimum around 48 h. The temperature-variation studies

low temperature and as part of a comprehensive study of there carried out in the range 30025 K with the help of a
effect of combined substitutional-interstitial modification on ¢l0S€d-cycle helium refrigerator, which is interfaced with the

the structure and magnetic properties of the rare-earth-basdffoSsbauer spectrometér.The sample chamber was filled

R,Fe,, compounds, Mssbauer spectroscopy studies, whichW'th helium gas at a pressure .of 1 atm. The tempera.ture of
probe on a microscopic basis the iron atoms on the fothe sample was monitored using a carbon glass resistor as
inequivalent crystallographic sites, were carried out at botf€MPerature sensor.

room temperature and low temperature. We report here the
results obtained fron?’Fe Mdssbauer studies carried on
HoErFg,_,Ga, (x=0-7) and  their  carbides >Fe Mossbhauer studies have been carried out on the
HoErFg; ,Ga.C (x=0~-2). The variations in hyperfine pa- phases HoErkg_,GaC, at both room temperature and 25

Il. EXPERIMENT

Ill. RESULTS AND DISCUSSION
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K. The aim of this study is to investigate the variation of orbital contributions to the magnetic hyperfine fields. A
hyperfine fields at crystallographically inequivalent Fe sitessingle common linewidth was assumed for all the seven
upon Ga substitution and carbon insertion. The variation ofextets'’*®

isomer shifts and quadrupole splitting at various sites were

also analyzed. The spin-reorientation transitions observed in B. HoErFe,,_,Ga, (x=0,1,2,3,4,5,6,¥

carbonated compounds through ac magnetic susceptibility s, .
measurementd were used for assignment of sextets in ana- ¢ Massbauer spectra have been recorded for these

lyzing the Massbauer spectra at 25 K. The assignment of:ompoungs at both ro?m tempera:ture art]d 25 Kt Since tthe
hyperfine parameters to the different sextets and the fittin ompounds posSess planar anisotropy at room temperature,
procedures are also presented. s confirmed by x-ray diffraction studies on magnetically

oriented samples, the magnetic moments lie in the basal
plane of the unit cell. Therefore, the four inequivalent crys-
A. Analysis of the Mossbauer spectra tallographic sites for Fe split into seven inequivalent mag-

. . ) etic sites and are designated as(@t), 69,(9d,),
The obtained Mesbauer spectra are fitted and analyze 9,(9d,), 12,(18f;), 12,(18f,), 12,(18,), and

using theprcmosleast-squares refinement program. As ther :

are four different crystallographic sites for Fe in both th;\lﬂzb-(széti"gr' szgctjtrrzsoégin;glb)atarr;%rg?zmzég)ratsuhrzwarrgeﬁ K,
hexagonal and rhombohedral-tyjiFe;, (_:(_)mpounds, the respectively. Due to the presence of multiple sextets, the
observed spectrum must be a superposition of at least foWnectra are quite complex. Based on neutron diffraction and
sextets._The different Fe sites in the hexagonal and rhomb%éssbauer studies on the compounds in the present investi-
hedral (in b_racket$ structures are denpted asf(&c), gation and also by comparing the data available in the litera-
6g(9d), 12(18f), and 1X(18n). Point-charge cal- yre on isostructural compoundsi®the percentage occupa-
culations® showed that under the combined effect of theyion of Ga atoms at crystallographically inequivalent Fe sites
dipolar field and quadrupole interaction, only the dumbbellis <, mmarized in Table I. It is evident that the compounds
4f(6c¢) sites remain equivalent since the angle between thg i, v=0_2a crystallize in the hexagonal unit cell and Ga
hyperfine field and the electric field gradient tensor is zerog;q occupy 12and 1X sites. Compounds witk=5 crys-

The hyperfine parameters are different at various crystallofa"iZe in thombohedral structure. For=5, Ga atoms occupy
graphically inequivalent sites. When the magnetization direcfhe equivalent 18and 18 sites in rhom,bohedral structure.

tion is along th_a: axis, the :_anglg between the hyperfine field £, compounds witkx>5, Ga starts to occupy the dumbbell
and the eIegtnc f!eld grad.|ent is the same for aI.I crystallo—ﬁc site in the rhombohedral structure. It is interesting to note
graphlcallly. mequwalent_ sites and henpe there is no addl'Ehat, at high Ga concentration, the occupancy is more &t 18
tional splitting and the sites remain equivalent for both struc- ites compared to 18sites
tures. When the magnetization direction lies in the basal '
plane, for the rhombohedral structure, tha, 48f, and 1&
sites each splits into two groups with an intensity ratio 2:1;
while in the hexagonal structure, theg &nd 1X sites split Table Il presents the hyperfine fields and the weighted
into two groups with an intensity ratio 2:1 and thejldte  average values at various magnetically inequivalent Fe sites
splits into three groups with an intensity ratio 1:1:1. Sinceof HoErFeg,_,Ga, compounds at 25 K and room tempera-
the dipolar fields at two of the three groups of thg ktes ture (bracket$, respectively. It can be noted that with in-
are very close, they can be treated in the same way as fhe 18reasing Ga concentration, there is an initial increase in the
site in the rhombohedral compounds. In other words, beweighted average hyperfine fields at room temperature,
cause of the differences in the angle between the magnetizashich reaches a maximum for phases witk1 and then
tion direction and the direction of the main axis of the decreases with further increase in Ga content. The variation
electric field gradient tensor, the crystallographically of the weighted average hyperfine fields is shown in Fig. 3.
equivalent iron atoms of a given subgroup will The behavior resembles the trend of room-temperature mag-
become magnetically nonequivalent. This leads to a totahetization in Ga substituted compourfdsBut the range of
number of seven subspectra with intensity ratioconcentration of the Ga at which the hyperfine field and
4(6):4(6):2(3):8(12):4(6):8(12):4:(6).1>16 magnetization peaks is different. This behavior is well ex-
In the present study, due to large number of sextets, somgained by invoking the concepts of chemical effédtarge
constraints were adopted during the process of fitting. As thé&ransfer from the valence band of Ga to thet Band of Fe
sample was not subjected to any external magnetic field, thand the magnetic dilution effect. The reduction in hyperfine
intensities of the six absorption lines of each of the sextet§ields at higher Ga content is mainly due to magnetic dilu-
were assumed to obey the 3:2:1 intensity ratio. The relativéion. Hyperfine fields at various Fe sites are in the order
intensity ratios for each of the special components were con- )
strained to nearly @):6(9):12(18):12(18), corresponding to Hn4f(6¢)]>Hp{69(9d)]>H{ 18f(12))]
Fhe site occupancy of Fe atoms in t_he crystal structure. The >Hpf 12k(18N)],
isomer shifts for the magnetically inequivalent sites were
constrained to be the same, whereas the hyperfine fields avénich agrees well with other studié$The hyperfine split-
expected to be slightly different at pairs of magnetically in-ting of the dumbbell site #6c) is larger than those of the
equivalent sites as a result of variations in the dipolar anather three sites. The strength of the hyperfine field at each

C. Effect of Ga substitution on hyperfine fields
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FIG. 2. (@) Mossbauer spectra of HoErfe,Ga, (x=0-3) at

FIG. 1. () Mossbauer spectra of HoErfze,Ga, (x=0-3) at 25 K. (b) Mdssbauer spectra of HoErfe,Ga, (x=4-7) at 25 K.
300 K. (b) Mossbauer spectra of HoErRe,Ga, (x=4-7) at

300 K. smaller is the hyperfine field. The magnitude of the hyperfine

field is directly correlated to the number of nearest-neighbor
site is predominantly determined by the number of iron and=e atoms. The number of nearest-neighbor Fe atoms at dif-
rare-earth nearest neighbors of the site. The higher the nunfierent sites are listed in Table Ill. The number of Fe neigh-
ber of iron neighbors, the larger is the hyperfine field,bors for 4f(6c), 6g(9d), 12j(18f), and 1%k(18h) are 13,
whereas the higher the number of rare-earth neighbors, th&0, 10, and 9, respectivet{.So, in HoErFg,_,Ga, com-
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TABLE 1. Occupancy of Ga atom&hb) at crystallographically 200
inequivalent Fe sites in HoErke ,Ga, (x=0-7) compounds. | .
|
4f 69 12j 12k 180 |- =
X (6c) (9d) (18f) (18n) i . ———— 25K
a
0 0 0 0 0 160 b
1 0 0 4.8 11.5 . .
2 0 0 14.2 18.7 300K .
3 0 0 18.3 31.3 S 1l * .
4 0 0 31.8 35.2 =
5 0 0 43.2 39.6 = .
6 25.2 0 57.2 35.6 120 - "
7 77.3 0 63.8 28.1
100 u
pounds, there are (13x) Fe nearest neighbors for Fe
4f(6c) sites, (10-x) for Fe 69(9d) and 13(18f) sites, 80 L 1 ! L 1 L l
and (9-x) for Fe 1X(18h) sites depending on the occupa- 0 ! z 3 4 5 6 ?
tion of Ga at Fe sites. Since thef(®c) site has a large Ga content (x)

number of Fe nearest neighbors, it is reasonable to expect the FIG. 3. Variation of the weighted average hyperfine field with

highest hyperfine field for this site. Similarly, thek(28h) . g
site has the lowest value for the hyperfine field as a consec-;a content in HoErkg- 53, (x=0-7) at 25 and 300 K.

guence of the smallest number of Fe nearest neighbors. T . .

Fe sites (9d) and 13(18f) have the same number of Fe ng((?%h )‘Sg;%di)x (Glggzh(%(]h)’ 12),(18f1), 125(18f2),
nearest neighbors. But the Fe-Fe interatomic distances at thé Ir11 ordelzr,to deternzwine t?]e.variation of hyperfine field with
69g(9d) site is somewhat smaller than that observed aé

12j(18f ) sites and hence a larger hyperfine field is observe gmperature, the Mwmbauer spectra were recorded for the
atJ (9d) sites than 1(18f) s?tes )ﬁ\is attribution of hy- compound HOErFeGa, at different temperature5, 100,
5 ' Y 200, and 300 K The temperature dependence of the average

Fhe:neli'eIdi(;fnc?)zﬂgge;;;vgg:fi?riztgLzrigﬁ'gaégiﬁgsoznhyperﬁne field(weighted average of the contribution from
dre; P different Fe siteswas analyzed in terms of different power

Y, Fe..?2 Itis clear from Table Il that there is a difference in laws of the reduced temperature. The reduced hyperfine
hyperfine fields between magnetically inequivalent Site%ields can be expressed as

TABLE Il. Magnetic hyperfine fields(+1 kOe and the Her(T) T)\2
weighted average valug¢s 1 kOe for HoErFg,_,Ga, at 25 K and He(0) =11-Db e 1)
300 K (in parenthesgs eff c

The variation of the hyperfine field with temperature fits very
well to Eq.(1) as shown in Fig. 4. The value of the hyperfine
field at 25 K has been taken &$,(0). Thevalue of the
constantb is 0.53. It has been reported that in,Fé-,

4f 69, 69, 12j; 12, 12, 1%,
(6c) (9d;) (9d,) (18f,) (18f,) (18h,) (18h,) Average
x (kOe (kOe (kOe (kOe (kOe (kO (kO (kOe)

0 237 221 209 192 173 172 156 191
(184 (17) (167 (161 (155 (152 (146 (160 TABLE Ill. Number of Fe andR neighbors for Fe atoms at
1 235 225 211 190 175 176 163 192 Vvarious crystallographic sites RyFe; compounds.

(20m (179 (17) (165 (159 (154 (15) (169
2 229 217 208 187 176 168 160 189

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

(199 (166 (160 (152 (147 (137 (132 (152 4f(6¢) 1 3 6 3 1

3 217 206 203 182 174 162 153 182  6g(9d) 2 0 4 4 2
(196 (163 (1589 (149 (143 (133 (130 (15) 12(18) 2 2 2 4 2

4 203 192 184 169 163 148 141 169 12k(18h) 1 2 4 2 3
(1889 (159 (151 (147 (140 (130 (121 (149

5 192 174 168 154 151 136 124 155 Site F':urzgti)gef:bcgrs rare-'\elz:rr?r?ire?;hbors
(77 (155 (147 (145 (139 (128 (113 (143

6 161 157 143 139 132 129 118 138 4f(6c) 13 1
(149 (136 (123 (125 (113 (113 (104 (122 6g(9d) 10 2

7 138 134 123 130 126 114 103 121 12j(18f) 10 2
(1260 (116 (108 (104 (97) (93 (81) (100 12k(18n) 9 3
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~ FIG. 4. Temperature variation of the weighted average hyperfine  FIG. 5. Variation of the isomer shift at crystallographically in-
field in HoErFgsGap. equivalent Fe sites in HoErge ,Ga, (x=0-7) at 25 K.

Nd,Fe;, and DyFe ; the temperature dependence of the Isomer shifts at different inequivalent Fe sites indicating
hyperfine fields follows the above equation with a constanthe variations in the chemical environment at the Fe nucleus
b=0.52>%*The temperature dependence of the magnetizaare presented in Table IV. The isomer shift increases with the
tion of ferromagnetic metals is also found to obEybehav-  increasing Ga concentration. The charge transfer between the
ior. This kind of T? behavior is usually attributed to the pres- valence band of Ga and thed@and of Fe may probably
ence of single-particle excitations. Based on theseesult in a 3I-4s intraatomic charge redistribution. This, in
arguments, one can conclude that, due to direct relationshigrn, reduces the-electron density at the Fe nucleus. This
between the hyperfine field and Fe magnetic moment, singlewill lead to an increase in the isomer shift. Similar behavior
particle excitations are responsible for the reduction in magis reported in Al-substitute®,Fe;; compound$®

netization with temperature in these compounds. The variation of isomer shifts at different sites with Ga

TABLE IV. Isomer shifts(+0.01 mm/$ at various Fe sites in TABLE V. Quadrupole splitting€+=0.01 mm/$ at different Fe

HoErFg,_,Ga, at 25 K and 300 K(in parenthesgs sites for HoErFg,_,Ga, at 25 K and 300 K(in parenthesgs
af 69, 69, 12j; 12, 12, 12k, af 69, 69, 12j; 12, 12 12k,
(6c) (9dy) (9dp) (18fy) (18fy) (18ny) (18hy) (6c)  (9dy) (9dy) (18f;) (18fy) (18ny) (18fy)

x

(mm/s (mm/9 (mm/9 (mm/9 (mm/9 (mm/9 (mm/9

x

(mm/s (mm/9 (mm/9 (mm/9 (mm/9 (mm/9 (mm/9

0 021 -0.09 -0.09 0.02 0.02 0.03 0.03 0 -0.04 -0.06 0.32 028 -0.13 -0.21 0.38
(0.10 (-0.15 (—0.15 (—0.04 (—0.09 (—0.05 (—0.09 (-0.02 (010 (0.30 (0.1 (-0.09 (—0.39 (0.32
1 022 -0.08 -0.08 0.03 0.03 0.05 0.05 1 -0.09 -0.08 0.34 0.07 -0.12 -0.09 0.37
(0.10 (-0.07 (-0.09 (—0.01) (—0.0) (-0.02 (—0.02 (—=0.03 (-0.19 (0.30 (0.03 (-0.09 (-0.23 (0.33
2 025 -005 -0.05 0.03 0.03 0.04 0.04 2 -014 -0.16 033 -0.05 -0.12 0.06 0.37

(0.1) (—0.06 (—0.0§ (—0.01) (—0.0) (0.0) (0.01 (-0.04 (-0.18 (0.3) (0.0) (—0.09 (—0.18 (0.34
3 028 -005 -005 005 005 010 010 3 -017 -017 0.36 009 -0.11 0.08 0.36
(0.14 (—0.03 (-0.03 (0.0) (0.0) (0.09 (0.05 (-0.06 (-0.22 (0.28 (0.03 (—0.06 (—0.22 (0.34
4 034 -003 -003 006 006 014 014 4 -020 -017 036 016 -0.13 0.09 0.37
(0.16 (—0.0) (—0.0) (0.04 (0.04 (0.10 (0.10 (-0.09 (-0.19 (0.29 (0.0 (—0.10 (0.22 (0.33
5 038 -001 -001 009 009 017 017 5 -023 -014 035 014 -009 0.07 0.45
(0.2) (0.02 (0.02 (013 (0.13 (0.1) (0.1D (-0.12 (-0.19 (0.29 (0.09 (—0.05 (0.19 (0.43
6 040 002 002 011 011 018 018 6 -027 -0.13 035 023 -0.10 005 045
(024 (0.04 (0.04 (012 (0.12 (0.19 (0.19 (-0.14 (-0.14 (0.27 (0.09 (—0.05 (0.17 (0.4
7 040 001 001 010 010 018 018 7 -0.30 -0.08 0.34 -002 -009 0.05 0.46
(027 (0.05 (0.05 (0.12 (0.12 (0.16 (0.19 (-0.14 (-0.10 (0.26 (-0.15 (—0.04 (0.15 (0.43
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FIG. 6. Variation of the quadrupole splitting at the F¢ (4site
in HoErFe;_,Ga, (x=0-7) at 25 and 300 K. o s 4 3 2 a1 0 1 23 45 6 7
content is shown in Fig. 5. It is noteworthy that the iron (a) Source velocity (mm/s)
4f(6c¢) site has a larger isomer shift and thg(6d) site has
a lower isomer shift. IrR,Fe;; phases, the Wigner-Seitz cell
volume is the largest for Fef46c) site, whereas it is the
smallest for the §(9d) site?® Therefore, thes-electron den-
sity at the nucleus will be smallest at the Fg @c) site and
largest at the §(9d) site. Since the isomer shift is directly
proportional to the negative of theelectron density at the
Fe nucleus, it has larger value at thi§ @c) site compared to
the 6g(9d) site.
T_he guadrupole _splittin_gs for_ HoErE,eXGz_;( compounds 1004
at different magnetically inequivalent Fe sites at 25 K and )
room temperaturdbracket$ are presented in Table V. In -2 991
R,Fe; compounds, the angle between the principal compo- Vg’ 0.
nent of the electric field gradient tensor and the hyperfine g =1
field is known only for the 4(6c) site. The direction of the e 97
principal component of the electric field gradient is not R
known for other three sites, viz.,g6 12j, and 1X sites. %
Therefore, the observed quadrupole splitting fo¢&c) cor- 100 ngss
responds t@’Qq and is plotted in Fig. 6. The substitution of J
Ga changes the magnitude and sign of the quadrupole split- »
ting at various Fe sites. In particular, there are large varia- 98 (S A § '
tions in the values for the §2(18f;) and 1%,(18h,) sites. o 2 W x=0
D. HoErFe,7_,Ga,C (x=0, 1, and 2 96 R N
76 -5 4 3 210 1 23 4 5 6 7
S’Fe Mdssbauer spectra were recorded at 25 K and room b .
temperature for the carbides HoEsFe,Ga.C (x=0, 1, and Velocity (mmy/s)

2). It is established through ac magnetic susceptibility
measurement$ that the easy magnetization direction lies in
the basal plane of the unit cell at room temperature, where
it is oriented along the axis at 25 K. Figures (&) and 1b)
show the Mesbauer spectra of HoErfFe,GaC (x=0, 1,
and 2 compounds at room temperature and 25 K, respecanisotropy exhibited by these compounds. Since the com-
tively. The spectra of all compounds were fitted into severpounds show a spin-reorientation transiti¢d3 K for
independent sextets at room temperature due to the plankioErFg,C, 50 K for HoErFgGaC, and 31 K for

FIG. 7. (a) Mossbauer spectra of HoErfe,GaC (x=0,1,2)
compounds at 300 K(b) Mossbauer spectra of HoErfze,Ga.C
=0,1,2) compounds at 25 K.
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TABLE VI. (a) Weighted average hyperfine field1 kO¢ and 200
(b) isomer shift(=0.01 mm/$ at Fe sites in HoErRe_,GaC at 25
K and 300 K(in parentheses [
‘..
(@ af 69 12 12k Average 190 |
X (kOe (kOe (kOe (kOe) (kOe)
0 263 248 213 183 214 o
(224 (209 (186) (164 (189 — h
1 255 234 201 179 201 é 180 -
(226 (190 (183 (164 178 :z
2 252 233 201 180 196
(218 (183 a7 (165 (169 »
(b) 4t 69 12 12k or o
X (mm/9 (mm/3 (mm/3 (mm/3 ;
0 0.22 -0.12 0.09 0.15
(0.07) (-0.149 (0.02 (0.09 160 L L L L ! !
1 0.23 —0.05 0.08 0.11 V] 50 100 150 200 250 300
(0.09 (—0.08 (0.01) (0.02 Temperature (K)
2 0.26 —0.04 0.16 0.08 . . i
(0.12 (—0.08 (0.01) (0.0 FIG. 8. Temperature variation of the weighted average hyperfine

field in HoErFgsGaC.

Wigner-Seitz volume. The sequences of isomer shifts and

HOErFq?Q?QCg)' as conflrmeq t,’y ac  magnetic Wigner-Seitz cell volumes, 4>12k>12j>6g, are identi-
susceptibility!® the spectra were fitted into four sextéts, cal

69, 12, and 1X). The population of Fe at each site is as-  The effect of carbonation on the isomer shift can be ex-

sumed to be the same as in the Ga-substituted compoundgyjained on either the basis of the weighted average isomer

Table Vi(a) presents the hyperfine fields at various Feghift or isomer shifts of the individual sites. The expansion of
sites together with the weighted average values. The hypethe unit-cell volume due to carbonation increases the
fine fields at various Fe sites and hence the average hyperfingigner-Seitz cell volume of each site. This overall expan-
field increase slightly with carbon insertion. The incorpora-sion of the lattice results in the well-known volume effect on
tion of carbon into the lattice gives rise to an increase inthe weighted average isomer shift, thereby decreasing the
volume and associated with this is a sharp increas€cn  electron density at the iron nucleus. This accounts for the
According to the spin-polarized electron band structurencrease in the observed isomer shift. On the other hand,
calculation?’ a relative change in volume gives rise to a both the number of interstitial carbon atoms and the effect of
relative increase in the average magnetic moment. It hagarbon on the volume expansion need to be considered in
been found that the average hyperfine fields are nearly préxplaining the isomer shift of an individual iron site. How-
portional to the average iron moméfitAs a consequence of ever, the 4 and € sites have no nearest-neighbor carbon
this, the hyperfine field increases with carbon insertion. Orftoms and hence the isomer shift depends solely on the in-
the other hand, the hyperfine field decreases with increasing/€@s€ in volume. The isomer shift at thej(IBf) site
Ga content as a result of the reduction in the number of F&here the iron is closest to the interstitial carbon shows an
atoms. Similar to HOErReGa,, Mdssbauer spectra were re- ncrease with carbon insertion.
corded for the compound HoErE&a,C at various tempera-
tures to determine the variation of the hyperfine field. The
temperature variation of the weighted average hyperfine field
is plotted in Fig. 8 and is found to follow the E¢l) (b >Fe Mossbauer studies were carried out on the phases
=0.51) similar to that observed in Ga-substituted phases. HoErFg, ,Ga, (x=0-7) and HoErFg_,GaC (x=0, 1,

The isomer shifts of HoErke_,Ga,C (x=0, 1, and 2at  and 2 at 25 K and room temperature. The spectra obtained
various Fe sites are presented in Tabl€by/IAll four isomer  in Ga-substituted compounds were fitted to seven sextets as a
shifts increase upon carbonation. The influence of carborresult of the splitting of the 6(9d), 12j(18f), and
ation on the 1P and 1X sites, which have one nearest- 12k(18h) sites into magnetically inequivalent sites. Since the
neighbor carbon atom each, is more pronounced than on thmrbides possess uniaxial anisotropy at 25 K and planar an-
6¢c and A sites, which have no nearest-neighbor carborisotropy at room temperature, the spectra were fitted well
atom. The assignment of the isomer shift is based on th&to four sextets at 25 K and seven sextets at room tempera-
Wigner-Seitz cell volumés for the crystallographically in- ture. The weighted average hyperfine field at room tempera-
equivalent 4, 6g, 12j, and 1k sites. The Fe #(6¢c) site  ture is found to increase initially for low Ga content and then
has the largest isomer shift, in agreement with its smallestiecreases for phases with higher Ga concentration. The hy-

IV. CONCLUSIONS
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perfine fields at Fe sites follow the sequencé(6t)
>609(9d)>12j(18f )>12k(18h), which is determined
mostly by the number of Fe and nearest neighbors. The

PHYSICAL REVIEW B 64 094427

suggesting that thes-electron density at the nucleus is
smaller at the Fe #6¢) site and is larger at thegg9d) site.
Insertion of carbon at interstitial sites is found to increase the

variation of weighted average hyperfine field with tempera-individual site hyperfine fields and hence an increase in the
ture is found to obef? behavior, suggesting the presence ofweighted average hyperfine field. Thejland 1X sites of

single-particle excitations. The Fef@c) site has a larger
isomer shift and the §(9d) site has a smaller isomer shift,

Fe show a significant increase in the isomer shift compared
to other Fe sites.
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