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5Fe Mossbauer investigations or(Er,Pr),(Fe,Al);; compounds and their nitrides
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S’Fe Mossbauer studies have been carried out ony (fBr,),Fe; compounds[x=0, 0.4, 0.6, 1.0
(ErggProg)oFe;_ Al [x=0,1,2,3,5,6,8,1Dand their nitrides, both in the ferromagnetic and in the paramag-
netic phases. Individual hyperfine parameters corresponding to the four crystallographically inequivalent Fe
sites have been obtained by analyzing thésbbmuer spectra. The easy magnetization direction, which lies in
the basal plane for (Er,P,),Fe;; compounds, changes to the axial direction at 18 K, on nitrogenation, which
may be due to the increase in the rare-earth sublattice anisotropy. There is an increase in the hyperfine fields
at all Fe sites on nitrogenation and the maximum increase in the weighted average hyperfine field is about 40
kOe, which is explained on the basis al 8and narrowing. The isomer shifts are also found to increase with
increasing nitrogen content, which may be due to the reduction is-#lectron density at the nucleus as a
result of lattice expansion and the chemical effect.sbtmauer studies carried out OBr, sPry 5).F€ 7 Al
compounds show that there is a decrease in the hyperfine fields at various Fe sites with an increase of Al
concentration. This may be due to the reduction in the Fe magnetic moment as well as the magnetic dilution,
as a consequence of Al substitution. The isomer shift is found to increase with an increase in Al concentration,
which is due to the reduction in theelectron density at the nucleus, owing to the charge transfer from Al to
Fe. In both series of compounds, the weighted average hyperfine fields foll®%v teehavior, which is
indicative of the role of single-particle excitations in reducing tlesBblattice magnetization with an increase
in temperature[S0163-182607)02722-1

[. INTRODUCTION sample chamber was filled with helium gas at a pressure of 1
atm. The temperature of the sample was monitored using a
Recently, we have investigated the magnetic and electricarbon glass resistor as temperature sensor. At high tempera-
cal properties of (Er,P,),Fe, and their nitrides:? It  tures, the spectra were recorded with the help of an oven
has been found that there is an increase in the magnetizati@ssembly fitted with beryllium windows. The sample cham-
and Curie temperature on nitrogenation. It has also beeher was evacuated continuously to a vacuum of°1®rr to
observed there is a spin reorientation transition at lowprevent the oxidation of the sample. The samples were
temperatures in the nitrides of these compounds. To investimixed with boron nitride powder to make isotropic absorbers
gate the effect of substitution of a nonmagnetic elementind sandwiched between two beryllium foils. A chromel-
such as Al for Fe, we have chosen a composition, vizalumel thermocouple was used to measure the sample tem-
(Erg sPrp 5)2Fe7- Al and studied the structural, magnetic, perature.
and electrical properties? It has been found that there is a
reduction in the magnetization with an increase in Al con- IIl. RESULTS
centration. In order to find out the individual hyperfine pa- B
rameters, their temperature dependences, and the changes orfFigure 1 shows the Mssbauer spectra recorded at various
nitrogenation and Al substitution, we have carried 6(ffe  temperatures for BFe,;. Similar spectra have been obtained
Mossbauer studies on the above-mentioned series of confer the compounds wittx=0.4, 0.6, and 1.0 and their ni-

pounds and the results are presented in this paper. trides. Figure 2 shows the spectra recorded for
(Erg sPry.5)2F€6Al, at various temperatures. Similar spectra
Il. EXPERIMENTAL DETAILS have been obtained for compounds containing other Al con-

centrations as well as their nitrides.

The method of preparation of the parent compounds as
well as their nitrides has been reported eafli@he spectra
were recorded using a CMTE Msebauer spectrometer in the
constant acceleration mode. Theray source was 20 mCi The analysis of these spectra has been performed using
5'Co embedded in Rh matrix. The spectrometer was calithe PcMosleast-squares fitting program, taking into account
brated witha-Fe at room temperature. The ‘Skbauer ab- the following factors.R,Fe;; compounds crystallize in two
sorbers were prepared by smearing approximately 30 mg oklated crystal structures according to whether the rare earth
the powdered sample over an area o8 cnf. The tem- is lighter or heavier. The compounds containing light rare
perature variation studies were carried out in the range 18earths crystallize in the rhombohedral ,Zh,; structure,
500 K. In the temperature range 18—300 K, the spectra werghereas, those containing heavy rare earths crystallize in the
recorded with the help of a closed-cycle helium refrigeratorhexagonal TkNi,; structure. There are four crystallographi-
which is interfaced with the Mssbauer spectrometéiThe  cally inequivalent sites for Fe in both the unit cells and there-

IV. ANALYSIS OF THE SPECTRA
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FIG. 1. Mcassbauer spectra of fFe,; at various temperatures. 96
fore, the Mmsbauer spectra of these compounds are quit 94
complex. The different Fe sites in the rhombohedral and th L | L
hexagonal(given in brackets unit cells are designated as -5 0 5
6¢c(4f ), 9d(6g), 18f(12)), and 1&(12k). Out of these Velocity (mm/s)

four sites, at the 6(4f ) site, the angle between the hyper-

fine field and the electric-field-gradient tensor is zero. For the FIG. 2. Massbauer spectra ¢Er, $Pry 5),Fe Al at various tem-
other three sites, this angle is zero, only if the total anisotperatures.

ropy is uniaxial. Therefore, there will be a total of four spec-

tra with the relative intensities(4):9(6):18(12):18(12), if the  there will be traces of-Fe, for which another sextet has to
total anisotropy is uniaxial. On the other hand, if the totalbe incorporated to get a reliable itn the fitting procedure
anisotropy is planar, for the latter three Fe sites, the angladopted in the present study, since there are a large number
between the hyperfine field and the electric-field gradienpf sextets, some constraints have to be adopted. As the
will be nonzero and therefore, these three Fe sites will splisample is in the form of random powder, the intensities of
into two magnetically inequivalent sites. This would give the six absorption lines of each of the sextets were assumed
rise to the splitting of the spectrum corresponding to each ofo obey the 3:2:1 intensity relationshipThe isomer shifts
these three sites into two, with an intensity ratio 2:1, therebyor the magnetically inequivalent sites were constrained to be
resulting in a total number of seven subspectra with the inthe same. One common linewidth was assumed for all the
tensity ratio 64):6(4):3(2):12(8):6(4):12(8):6(4). In addition,  seven sextets. The recording time depends on the amount of
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TABLE I. Magnetic hyperfine field¢in kOe) and the weighted average values at different Fe sites for the
(Er,_xPr),Fe7N, compounds with different values at 18 K.  Maximum errar4 kOe.

(Erlfxprx)zl:eﬂNy
Hyperfine fields(kOe)

X y 6¢c(4f) 9d(69) 18f(12)) 18h(12k) Wt. avg.
0 0 373 328 317 295 318
2.6 416 384 341 337 356

0.4 0 360 314 304 289 307
2.7 398 365 337 333 347

0.6 0 361 313 308 284 307
2.6 379 366 331 329 342

1.0 0 365 303 308 287 306
2.8 378 353 334 328 340

Fe content in the sample. In the present case, the minimumay be due to the following reason. The hyperfine field
recording time was around 15 h and the maximum around 5@riginates mainly from the Fermi contact term. This arises
h. The reliability of the fits have been given by thé, because of the imbalance in the spin-up and spin-down den-
whose maximum value in the present study was around 2, asties of states at the nucleus, as a result of the polarization of
reported in the case of similar compounds having complexhe cores electrons and the conduction electrons, by the
spectra by Qket ?'-8 _ magneticd electrons. The reduction in the hyperfine field
The analysis of the spectra in the case ofyjityincrease in Pr content may be a consequence of the fact
(Ero sPTo 5)oF€17-xAl, compounds have been performed by it pr has lesstelectrons as compared with Er. Therefore,
employing a slightly different method, as compared to thehe 34-4f coupling will become smaller as Pr content in-
method used in the case of (ErPr),FeiNy compounds. It - creases, which will give rise to a reduction in the Fermi
has been reported by neutron-diffraction studies on severalyniact terntt
RyFe7 xAly, compounds that Al does not occupy Fe sites |y the case of the Mesbauer spectra at 18 K for
randomly. On the other_ hand, there_ is a preferential OCC“(Erl,XPrX)ZFeNNy compounds withx<0.8, the spectra
pancy of (g|fferent Fe sites, depending on the Al contenteqyiq he fitted to four sextets, implying that these nitrides
Long et al” have carried out neutron—dlffr_acnon studle_s ON hossess axial anisotropy. Table | gives the magnetic hyper-
Nd,Fe7_xAl, compounds and found the site occupancies Ofjne fields at various Fe sites for all the nitrides at 18 K. The
Al'in the lattice. It has also been reported that the site OCCUgpectra at higher temperatures have been fitted to seven sex-
pancy is independent of the type of rare géPtIBased 0N tets, which indicates that the anisotropy is planar. It can be
these facts, we have assumed the same site occupancies {le that the hyperfine fields at the four sites vary in the
Al'in (Ero gPro 5)2F€17- Al compounds as well. Using this, same way as in the parent compounds, with the4s ) site

we have calculated the area under each individual spectrurﬁlaving the maximum and the B8L2k) site having the mini-
corresponding to the different Fe sites and fitted the spectrg, ;m hyperfine fields. In the case of the nitrides too, the

weighted average hyperfine fields decrease as Pr content in-
V. DISCUSSION creases, which may be due to the smaller contribution from
the 3d-4f overlap to the Fermi contact term.

(Er_«Pr),Fe; compounds withx=0 and 0.4 possess It can be seen from the Table | that there is an increase in
hexagonal T§Ni,; structure, whereas those wix=0.6 and the hyperfine fields at all Fe sites on nitrogenation. In par-
1, possess the rhombohedral,Zh,; structure. The Curie ticular, the increase is very pronounced in the case of
temperatures of these compounds vary in the range 305-2&81(6g) and 1&(12) sites. The Fe-N distances
K.! Table | gives the hyperfine fields at various Fe sites at 1&re on the order ofdgen 18n(12k)]<dren18f(12))]

K for all the compounds in this series. The hyperfine fields at< dreJ 9d(69)]<dre 6¢(4f )].1? There are two effects
various Fe sites follow the orderHy{6c(4f)] occurring in these compounds on nitrogenation. They are the
>Hp[9d(69)]>H{18f(12))]>H{18h(12k)]. Thenum-  magnetovolume effect and the chemical effect. The former
ber of Fe near neighbors force4f ), 9d(6g), 18f(12)), will cause an increase in the magnetic moment as a result of
and 1&(12k) are 13, 10, 10, and 9, respectively. It is obvi- lattice expansion and a consequedti3and narrowing. The
ous that &(4f ) site has the maximum hyperfine field, since latter effect is due to the differences in the electronegativities
it has the maximum number of Fe nearest neighborspf Fe and N and causes transfer of charges fromstiaad
whereas, the 1§12) site has the minimum number of Fe p bands of N to the 8 band of nearest Fe. This gives rise to
neighbors and consequently the least hyperfine fielda reduction in the magnetic moment. However, the latter
9d(6g) and 18(12j) sites have the same number of Feeffect is significant only at 1#812j) and 1&(12k) sites,
neighbors, but the former has comparatively smaller Fe-F&here the Fe-N distances are the least. But the magnetovol-
distances and hence a larger hyperfine fididcan be seen ume effect is predominant at all sites and hence there is an
from Table | that there is a reduction in the weighted averagéncrease in the magnetic moment at all sites. The increase in
hyperfine field as the Pr content in the sample increases. Thike hyperfine field is the smallest at the(@f ) site. This is
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320 : | | TABLE Il. Isomer shifts(in mm/9 at various Fe sites in the
(Er,_xPr),Fe7N, compounds at 18 K(lsomer shifts are calcu-
[Er,_x F’r,(]2 Fe]7 lated with respect to that of-Fe at room temperatupe. Maxi-
mum error:=0.03 mm/s.
2808 T (Ery PR oFer,
Isomer shifts(mm/9
i~ X y 6c(4f) 9d(69) 18f(12)) 18n(12k)
?5 240 - 0 0 0.30 —-0.04 0.12 0.10
e 2.6 0.32 0.12 0.23 0.32
T 0.4 0 0.30 —0.03 0.11 0.09
2.7 0.35 0.12 0.23 0.32
200 - 0.6 0 0.29 -0.03 0.11 0.10
2.6 0.34 0.13 0.23 0.33
1.0 0 0.28 -0.05 0.11 0.08
2.8 0.34 0.07 0.19 0.29
160 1 1 i 1 1
0 00 200 300
T(K) The value of the hyperfine field at 18 K was taken as

Hui(0). It can beseen from the figure that the temperature
FIG. 3. Temperature variation of the weighted average hyperfin¥ariation of the hyperfine field follows this function very
fields fitted to the equatiorHu(T)=Hu(0){1—b(T/Tc)? for ~ Well up to temperatures close to the Curie temperature with a
(Er,_Pr,),Fe, compounds wittk=0 and 1.0. typical va!ue qu approximately equal .to 05 Since there is
) ) o a proportionality between the hyperfine fields and thte 3
because the Fe-N distance is the |argeSt at this site and thermagnetic momentS, it is reasonable to assume that the 3
fore, the effect of N is correspondingly smaller. This is in magnetization also follows such a power-law behavior.
accordance with the band-structure calculations carried oy|andair’ has studied the temperature variation of magneti-
12 o T,
by Gu et al™* on similar R,Fe;; compounds and their ni- zation of 3l elements and found that the magnetization de-
trides. It has begn _shown .th'at the prOJecFed d.ensny of statq§eases with temperature obeying 4 behavior, which has
for the 6c(4f ) site in the nitride is almost identical to that of peen attributed to the single-particle excitations. Therefore,
the parent compound, which explains the very small increasg,e T2 gependence of the hyperfine fields in the present se-
in the hyperfine field. The differences in the amounts of in-jjes of compounds suggests that single-particle excitations

crease in the hyperfine fields at various Fe sites is due to tr}%ay be responsible for suppressing thestiblattice magne-
differences in the configuration of nearest-neighbor N atomg;zation, with increase in temperature. The temperature varia-
for the various sites. A similar increase has been observed ifyns of the hyperfine fields in e, NdFes and

3
the case of Ngre;/N, compou.ndé.. o . Dy,Fe; are also fountf to follow Eq. (1) with a value of
The increase in the hyperfine field implies that there is an, Z ¢ 5

increase in the Fe magnetic moment. The increase is due to e change in the easy magnetization direction at 18 K
the magnetovolume effect present RyFe;; compounds.  from the basal plane to theaxis, on nitrogenation for these
[ron-rich compounds are .classmed as weak ferromagnets a8ompounds withx<0.8 implies that there is an increase in
both the spin-up and spin-down subbands are unsaturatefle tota| anisotropy on nitrogenation. The increase may be
Because of this reason, the densities gjr states at the Ferq,q ¢4 the increase in the sublattice anisotropy, since there
level are large and according to Coehodttipe volume de- ) 5 heen no reports on the changes in the Fe sublattice an-

pendence on the magnetic moment is also high. Nitrogenggony on nitrogenation. The first-order anisotropy constant
tion of these compounds is followed by lattice expansion anqlOr the R sublattice could be written &5

as a consequence of this, the Fe-Fe distance increases and

hence t_hg 8 band ggts narrowed. Hei’rf’mqs calculated that K.i(R)=(—23/2) a3<r‘2”><3\]§_3(3+ 1))AS, (2)

in transition-metal-rich compounds, the width of the Band ) ) )

is inversely proportional to the fifth power of the lattice pa- Wheré a; is the Stevens factor, is the radius of the #
rameter. The narrowing of thed3and results in more local- orbital, J andJ, are the total and component of the angular
ization of the 3 electrons and a concomitant moment en-
hancement. Dong, Yang, and Yafichave observed that
there is an increase in the magnetic momerRTiFe;; com-
pounds on nitrogenation, which is also attributed to the band
narrowing effect.

TABLE Ill. Volume coefficients of the isomer shifts
(A 64 /A InV) for (Er,_,Pr),Fe;N, compounds at 18 K.

(Erlfxprx) 2Fel7Ny

Figure 3 shows the temperature variation of the weighted X AdalA InV
average hyperfine field for the (ErPr,),Fe;; compounds 0 1.99
fitted to the equation 0.4 2.05

T2 0.6 2.13
th(T)=th(0)(1—b(T—c> ] ) 1.0 1.68
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TABLE IV. Quadrupole splittinggin mm/g at various Fe sites in (Er,Pr),Fe; compounds and their
nitrides (given in bracketswith differentx values at 18 K. Maximum errort 0.04 mm/s.

(Erlfxprx)zFeﬂNy
Quadrupole splittinggmm/9

6c 9d, 9d, 18f, 18f, 18h, 18h,

X (41) (691) (692) (12j,) (12),) (124) (12)
0 0.08 0.37 -0.39 0.06 0.65 -0.20 0.40
(—0.39) (0.39 (0.39 (—0.37) (-0.37) (0.34 (0.34
0.4 —0.06 0.37 -0.25 0.08 0.23 -0.02 0.44
(0.14) (0.39 (0.39 (—0.24) (-0.24) (0.52) (0.52)

0.6 0.01 0.10 -0.37 -0.03 0.48 ~0.04 -0.81
(0.02 (0.42 (0.42) (-0.17) (-0.17) (0.55 (0.55
1.0 0.03 0.62 -0.31 0.09 0.47 -0.20 0.44
(0.37) (—0.06) (~0.20) (0.30 (0.67) (—0.32) (0.1

momentum, andhj is the second order crystal-field param- lattice anisotropy and therefore, the net anisotropy is planar

eter. The angle brackets give the expectation values of theven at the lowest temperature.
corresponding quantities. The unit cellR§Fe /N, structure

increase in the value d&,(R).%° In this condition, theR

Table 1l shows the variation of the isomer shifts for the
consists ofR atoms, which have three nitrogen neighbors in(Er—«Pr),Fe; compounds and their nitrides. There is an
thec plane. As a consequence of this, there will be an excesi§icrease in the isomer shift on nitrogenation for all Fe sites in
charge density in the plane on nitrogenation, which in- these compounds. The increase is more pronounced in the
creases thA$ values, without changing its sign and hence ancase of @(6g), 18f(12j), and 1&(1) sites. The increase

in the isomer shift is due to the chemical effect and increase
sublattice anisotropy dominates the planar anisotropy of thé the unit-cell volume upon the nitrogenation. The increase
Fe sublattice, resulting in a resultant axial anisotropy. Howin the unit-cell volume will give rise to an increase in the
ever, this occurs only at low temperatures. At high temperaVVigner-Seitz cell volume and hence a reduction in the
tures, the Fe sublattice anisotropy predominates and the sign€lectron density, which in turn increases the isomer shift.
of the total anisotropy constant changes, resulting in a spifre atoms at the g4f ) site have no N near neighbors,

reorientation, as has been obsefveih the case of
(Er,_4Pr),Fe7N, compounds withx<0.8. A similar in-

which may be the reason for the smaller increase in the iso-
mer shift, on nitrogenation at that site. Though thi{ ®&g)

crease in theR sublattice anisotropy and the consequentSite also does not possess any N near neighbors, the increase
spin-reorientation transitions have been observed in othdp the Wigner-Seitz cell volume is larger and this accounts

R,Fe; (R=Er,Tm) compounds on nitrogenatifnin the
case of the nitride witlkx= 1, the increase in thR sublattice

for the increase in the isomer shift at this site. The Fe atoms
at 18(12j) and 1& (1) sites have one N near-neighbor

anisotropy may not be strong enough to counter the Fe sub-

350
TABLE V. Magnetic hyperfine field¢in kOe) and the weighted (ErggPro st Fe, Al
average values at different Fe sites for the
(Ero sPro.9)2Fer7—xAlkNy, compounds with differenk values at 18 300<
K. Maximum error:*+4 kOe.
(ErosP1o.5)2Fer7—xAlNy _ 250
Hyperfine fields(kOe) S
X y 6¢ 9d 18f 18n Wt. avg. x
0 0 362 316 309 285 308 :&E 200
2.7 390 363 337 330 345
1 0 308 295 270 268 285 150
2.3 345 346 296 298 322 \\
2 0 304 259 247 242 263
1.9 335 307 263 269 294 100f—
3 0 275 242 219 219 239
1.3 322 264 254 239 271 | | | | |
5 0 224 204 181 174 194 500 2 2 3 s 10 2
6 0 219 172 167 131 173 x
8 0 191 151 146 108 143
10 0 — 131 103 97 115 FIG. 4. Variation of the weighted average hyperfine field as a

function of Al concentration i{Erg sPry 5).Fe7- Al at 18 K.
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FIG. 6. Weighted average isomer  shifts in
FIG. 5. Temperature variation of the weighted average hyperfindEfosPTo.92F€i7-xAl, compounds at 18 K, as a function of Al con-
fields fitted to the equatiorH(T)=Hp(0){1—b(T/T¢)?} for  centration.

(BrosPTo.5)2Fe17-, Al compounds. hyperfine fields at all Fe sites as well as the weighted average

hyperfine fields, with an increase in Al concentration. This

each. But the larger increase observed in the latter site is asraay be due to the reduction in the Fe magnetic moment as a
result of the combined effect of N near neighbors and theesult of the charge transfer from the valence band of Al to
Wigner-Seitz cell expansion. The nominal increase in thehe 3d band of Fe. In addition, there will be magnetic dilu-
isomer shift at the 1§ 12j) site is due to the proximity of N. tion effect on Al substitution. Figure 4 shows the variation of
From the isomer shifts at various sites, we have calculatethe weighted average hyperfine field as a function of Al con-
the weighted average isomer shift and obtained the volumeentration. On nitrogenation, there is an increase in the
coefficientA 6/A In V for all the compounds and is given in weighted average hyperfine fields in these compounds as
Table lll. The value of 1.7 obtained for ffie;;N, in the  well, as shown in Table V. This increase is due to the effect
present case is in close agreement with the value of 1.68f 3d band narrowing.
reported by Longet al?? Figure 5 shows the weighted average hyperfine fields of

Table IV shows the quadrupole splittings observed atEr, Pr, 5),Fe 7 ,Al, compounds fitted to Eqd). In these
various Fe sites for the (Er,Pr,),Fe; compounds as well compounds too, the hyperfine fields followT& behavior,
as for their nitrides at 18 K. There is a change in the magniwhich may be indicative of the role of single-particle excita-
tude as well as the sign of the quadrupole splitting at variousions in suppressing the magnetism at high temperatures.
sites for these compounds. It is of particular interest to note Figure 6 shows the variation of the weighted average iso-
that the sign of the quadrupole splittings at thé(@I&j) and  mer shifts as a function of Al concentration at 18 K. There is
18h(12k) sites for the compounds with<<0.8 change on an increase in the isomer shifts with increase in Al concen-
nitrogenation, whereas it remains unchanged for the comtration, which may be due to the reduction in thelectron
pound withx=1.0. This may be due to the fact that the easydensity at the nucleus. This is because of the intratomic
magnetization direction changes fromplane toc axis in  3d-4s charge transfer in Fe, as a consequence of the chemi-
compounds withk=<0.8 on nitrogenation, whereas it remains cal effect, on Al substitution. A similar increase in the iso-
in the ¢ plane in the case of the nitride with=1.0. Similar  mer shifts has been reported in j¥e@,_,Al, compounds.
changes in the quadrupole splittings have been reported in
(Sm,P),Fe;; compounds and their nitridés. ACKNOWLEDGMENT
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