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The Massbauer spectra of ée,5X, where X is Si, Cu, Ag, and Au, have been measured between

80 and 500 K. A model corresponding to a basal alignment of the magnetic moments leads to
excellent, internally consistent, fits for the Cu, Ag, and Au compounds. The resulting temperature
dependences of the spectral hyperfine parameters are uniform and reveal for each Fe site the
expected correlations between the isomer shift and the Wigner—Seitz cell volume and the hyperfine
field and the number of Fe near neighbors. FogPégSi, a different model must be used because

of the presence of a spin reorientation below 155 K. Above 155 K, because of the axial alignment
of the moments, and in agreement with the 295 K powder neutron diffraction results, the spectra can
be analyzed with four sextets. Below 155 K, five additional sextets are required to fit the spectra
because of a progressive transition towards a basal alignment of the Fe moments. At 80 K the mixed
magnetic phase is 75% basal and 25% axial, whereas at 110 K the mixture is 50:50. The hyperfine
parameters of the basal and axial sextets found fgFRgSi are consistent with those found for the

basal Cu, Ag, and Au compounds and those observed for baggeN8n. The lattice properties of

the compounds, obtained from the temperature dependences of the isomer shift and the spectral
absorption area, are consistent with the Wigner-Seitz cell volumes and the bonding of each
crystallographically distinct Fe site. The magnetic anisotropy of a variety gF&eX compounds

is controlled by thes-p hybridization of the Nd—X bonds, a hybridization which is very sensitive

to the electronic configuration of X. €998 American Institute of Physics.

[S0021-897€08)00803-2

I. INTRODUCTION subsequentfyof 335 K, was found for NgFe;sCu. A T of
d340 K was foundi for NdgFe;2Ag and NdFe;;Au. However,
Jecent measurements on e ,Au found' it to be antifer-

permanent magnet applications, the ternary rare-earth-iro O L .
metal systems have been systematically investigated andrgmagnetlc with ‘?TN of 408 K. These conflicting m_agnet|c
results are most likely due to traces of ferromagnetighég,

new phase, fFe 5X, where R is a light rare-earth and X is a .

metametal, such as Si and Ge, has recently been iderﬁ?fied.'mpurity' , . &
The compounds studied herein, where R is Nd and X is Si, 1€ magnetic structure of NBe,;Si has been studied

Cu, Ag, and Au, crystalize in the tetragona/mcm by neutron diffraction at 295 K anq the reporteq lattice pa-
NdgFe,:Si structuré which may be envisiondds a succes- 'ameters qgrege reasonably well with those obtained from x-
sion of layers perpendicular to the tetragoeaxis, with the ~ ray diffraction” At 295 K the Fe and Nd magnetic moments
sequence, C, B, A S, A,, B, forming one-half of the unit are parallel to the tetragonedaxis with an antiferromagnetic
cell. Layer C contains Fe on the Kénd 4 sites, layer B~ coupling between the Fe magnetic moments, i.e., thewd
contains Fe on the 1gand 16, sites and Nd on thef8site, 16l moments are up whereas thekl#nd 16, moments are
layers A and A, contain Nd on the 16site, and layer S down. Further, there is a ferromagnetic coupling between the
contains X on the 4 site. Hence, the Fe atoms occupy the Fe 4d and 16, moments and the Nd moments. The accuracy
4d, 16k, 161, and 16, crystallographic sites, with 12, 10, of the Fe magnetic moments of 1.3, 0.9, 0.5, and£3 for
9, and 7 iron near neighbors, respectively, sites which havéhe 4d, 16k, 164, and 16, sites, respectively, is low be-
no X near-neighbors. cause the magnetic contribution to the total neutron scatter-
The magnetic properties of the Bk X compounds ing is small. The smallest moment of Q& , assigned to the
have been investigatd@ by several groups. Néfe;;Si was 16l site, does not agree with the smallest hyperfine field
first reported to be antiferromagnetic with a éléempera- which is assignet ! to the 16, site in the Mmsbauer
ture, Ty, of 725 K, but subsequently was fouhtd be fer-  spectra of related N&e ;X compounds. This disagreement
rimagnetic with a Curie temperaturé., of 441 K and a cannot be explained as the result of an incorrect assignment
compensation temperature of 357 K. A complex noncollineaof the 18, and 16, sextets in the Mssbauer spectra, as was
ferrimagnetic structure, with & first® of 463 K and suggested by Yaet al.® and will be discussed below.

In the search for magnetic materials suitable for har
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Because of the unusual spin reorientation obsériled Pb!! Because the latter compounds have a basal orientation
NdgFe 3Si, it is essential to have a good understanding of theof the magnetization, the dipolar contribution to the field at
Mossbauer spectra of the various dNésX compounds, the Fe 1& site removes the magnetic degeneracy of this site
where X is Cu, Ag, and Au. Further, in view of the contro- and two sextets of equal areas, herein labelldddri&l 16,
versial magnetic behavidt’ of the NdFe ;X compounds, are observed. The fits of the spefffdof NdsFe,sCu and
and the conflicts present in previous 8&fauer spectral NdgFe ;Ge with four sextets are, at best, only first order ap-

studies}®!® we have extended our earlier studiBdo  proximations, because, as indicated by the authbtgoth

some additional compounds and to a wider range of temperaf these compounds present complex noncollinear magnetic

tures. structures in which the spins are not oriented along the
c-axis.

Il. EXPERIMENT There are some common features in the models and the

. assignment of the Mesbauer spectral sextets reported by dif-
The samples of NfFe;sX, where X is Si, Cu, Ag, and - ¢ oo ik 0rd 67,911 The assignment to theddsite of the

Au, were prepared by arc melting starting materials of at . ;
least 99.9% purity. After arc melting the samples Weresextet with the smallest relative area and the largest hyper

wrapped in tantalum foil, sealed in an evacuated quartz tubéIne field is obvious on the basis of its crystallographic de-

annealed for four weeks at 900 K, and quenched to roorl?eneracy and its highest number of Fe near neighbors. In the
temperature. The x-ray diffraction patterns indicated that al our sextet mo_del, the a_133|gnment of the thr_e € se_xtets with
the annealed samples crystallized in the tetragonaF8eSi the same relative area is based on the relationship between
structure® The likely impurity in these samples is heb-, the hyp_erfin_e field and the _numper of Fe near neigh_bors for a
whose x-ray diffraction pattern is very difficult to detect 9'VE" S'tfé;i-é tr;elfhilypelrf"}f] fl?ds afetatSSIgr(;ecli |tr;] the se-
when it overlaps with the complex Iy8e;Si pattern. Hence, d4€Nc€ 1> 162. 1N e Tive sexiet model, the as-
the presence of Nffe,; was not detected in the x-ray dif- 5|gnment fo the JJ§ant_j 1& §|tes of the two sextets W.Ith
fraction patterns, but the Msbauer spectra discussed in Sec_relatlve area of e|g.ht IS stralghtforwarq and the remaining
Il and the magnetization data discussed in Sec. IV indicatdV/0 SEXtets of relative area 16 are assigned to thie a6d

that ~10% of NdFe,; are present in NgFe;sSi. 16, sites on the same basis as in the four sextet model. In

The Mcssbauer spectra were obtained between 85 angontrast, there are more variations in the hyperfine param-

500 K on a constant acceleration spectrometer which utilize§t€rs: Particularly the isomer shifts, obtaiftéd for
a room temperature rhodium matrix cobalt-57 source andidsFeisAu and NaFeAg with the five sextet model. In-

was calibrated at room temperature withiron foil. The deed, the isomer shifts reporfetbr the two magnetically

Méssbauer spectral absorbers, which contained 26 to 2§€duivalent but crystallographically equivalentki@nd
mg/cn? of compound, were prepared from pieces of sampled &’ sites differ by 0.01 and 0.04 mm/s, respectively, a dif-
pulverized under liquid toluene and sieved to particle diam{€rénce which is physically unreasonable. In contrast, in the
eters of approximately 0.045 mm or smaller. Thégdloauer 11tS' Of NdsFe,Au, the isomer shifts of the X6and 16&
spectra above room temperature were measured undeites have been constrained to be equal. Furthermore, as

. 4 . . .
vacuum. The accuracy of the hyperfine parameters obtaindiPted by Weitzeret al.” their isomer shifts for NgFe,Au
from Lorentzian lineshape fits is estimated to 1e0.005 2and NdFezAg do not follow the usual relation between hy-

mm/s for the isomer shift:x 0.05 mm/s for the quadrupole Perfine field and isomer shift, i.e., a larger hyperfine field is
shift, and+2 kOe for the hyperfine field. Variations of the @ccompanied by a more negative isomer shift. Finally, the
hyperfine parameters within these limits lead to minor andSomer shifts reported earlferdo not correlate with the
insignificant increases in MISFI¥ which is of the order of ~Wigner-Seitz volumes of the four crystallographic sites, a
0.5% for all fits reported herein. correlation which hold€*3 for many related rare-earth Fe

The temperature dependence of the magnetization dfompounds. These difficulties are not present with the set of
NdsFe;sSi was measured in a field of 0.1 T on a locally built hyperfine parameters discussed in detail below.

magnetometer based on the Faraday method. A. MG ssbauer spectra of Nd gFe;sX, where X is Cu,
Ag, and Au

ll. MOSSBAUER SPECTRA The Massbauer spectra of NeesCu and NgFe5Au,
There have been several earlier $dbauer studies of obtained at several temperatures, are shown in Figs. 1 and 2.
NdgFe;sX, where X is CU® Ag,*® Au*’ Gel® In ! TI,1*  The spectra of NgFe;;Ag are virtually identical to those of
Sntand P! The spectra have been analyzed in terms ofNdgFesCu and are not shown. All these spectra have been
two basic models, with either four sextets, with relative areasinalyzed with a five sextet model, indicatfrighat the Fe
in the ratio 4:16:16:16 assigned to the foud,4l6k, 16, magnetic moments are oriented in the basal plane of the te-
and 16,, crystallographically inequivalent Fe sites, or five tragonal unit cell. The isomer shifts of theklénd 1&’ sites
sextets, with relative areas in the ratio 4:8:8:16:16 assignedere constrained to be equal, a constraint which was not
to the five, 4, 16k, 16k’, 16, and 16,, magnetically imposed in earlier work.In our initial® 16 parameter fits of
inequivalent Fe sites. The four sextet model can be applied thldgFe;sAu, the relative areas of the five sextets were con-
the spectra'® of NdgFe 3Sn, which shows a uniaxia-axis  strained to the magnetic degeneracies of the Fe sites, i.e.,
magnetization. The five sextet model can be applied to thd:8:8:16:16, and no effect of texture was introduced. In the
spectra of NgFe;5X, where X is AgH® Au,*" In,* TI,** and  fits shown in Figs. 1 and 2 the effect of texture, which is
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FIG. 2. The Mmsbauer spectra of NéeAu obtained at the indicated
FIG. 1. The Mmsbauer spectra of e ;Cu obtained at the indicated temperatures.
temperatures.

clearly visiblé in the large relative areas of the second anddences of the recoil free fractions of the four different Fe
fifth lines, was included as the variabtein the ratio of the sites. The 1B relative area tends to be systematically
relative component areas,x31:1:x:3, in each of the five smaller than the theoretical value byl.5% in agreement
sextets. Further, the relative areas of the five sextets wengith its large Wigner-Seitz cell volume. In contrast, thed ;16
adjusted, with the constraint that the area of th& &&d relative area is larger than the theoretical value by as much
16k’ sextets were equal. The additional number of adjustablas 3%. The texture parametar,is, as expected, temperature
parameters was four, i.e., three relative absorption areas amidependent and amounts to 2.35, 2.08, and 2.55 for the
one texture parameter, for a total of 20 adjustable paramspectra of NgFe ;Cu, NdFesAg, and NgFe sAu, respec-
eters. Of those 20 parameters, at most ten were simultdively.
neously adjusted. The fits obtained under these conditions The assignment of the five sextets to the five magneti-
are excellent, as is shown in Figs. 1 and 2, and the correzally inequivalent sites has been carried out as explained
sponding 295 and 85 K hyperfine parameters are summabove. In all three compounds, the sequence of hyperfine
rized in Table I. The complete details of these fits will befields, 4d>16k>16l,>16l,, completely agrees with the se-
published separately. quence of Fe near neighbors,120>9>7. The hyperfine
For NdsFe sCu, the relative areas of the five sextets dofields obtained at 295 K for Nfe ;Cu, see Table |, are in
not significantly depart from the relative magnetically in- excellent agreement with the preliminary values obtdirsd
equivalent Fe site degeneracies, i.e., 4:8:8:16:16. Fo293 K from a four sextet fit, because the difference between
NdsFesAg and N@FesAu, the relative areas of the five sex- the 16& and 1&’ hyperfine fields is only 2 kOe. The hyper-
tets depart by at most 3% from this theoretical ratio. Thefine fields obtained at 85 K for N#e;sAg and NgFe; AU,
difference between experimental and theoretical values inare completely compatible with the values meastiad4.2
creases as the temperature increases from 85 to 295 K. Thicand the temperature dependence of the hyperfine fields for
increase results from the inequivalent temperature depermNdgFe sCu, NdFe sAg, and NgFe;sAu is perfectly smooth.
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TABLE |. Mdssbauer spectral hyperfine paramétéos NdgFe;X.

Parameter T, K X 4d 16k 16k’ 16, 16, Wt. Ave.
H, kOe 295 Cu 292 267 265 243 189 237
85 362 327 323 300 231 291
295 Ag 288 263 257 238 184 232
85 362 327 323 300 231 291
295 Au 284 258 254 233 181 228
85 358 326 321 297 227 288
8,° mm/s 295 Cu —0.164 —0.097 —0.097 —0.100 —0.028 —0.082
85 —0.059 0.019 0.019 0.019 0.101 0.038
295 Ag -0161 -0.085 -0.085 -0.079 -0.010  —0.066
85 —0.062 0.022 0.022 0.025 0.102 0.041
295 Au —0.180 —0.094 —0.094 —0.099 —0.025 —0.081
85 —0.067 0.021 0.021 0.017 0.099 0.037
QS, mm/s 295 Cu —0.06 0.06 —-0.40 -0.14 —-0.16 —
85 —0.09 0.07 —0.40 —0.14 —0.18 —
295 Ag —0.06 0.04 -0.39 —-0.13 —-0.16 —
85 —0.08 0.07 -0.37 -0.14 —0.16 —
295 Au —-0.04 0.06 —-0.38 -0.14 -0.17 —
85 —0.04 0.06 -0.39 -0.14 -0.17 —

#The linewidths are 0.30 mm/s at 85 K and 0.38, 0.41, and 0.42 mm/s at 295 K=@uXAg, and Au,
respectively. The valuesare 2.35, 2.08, and 2.55 for=XCu, Ag, and Au, respectively.
PRelative toa-iron foil at room temperature.

Figure 3 shows the temperature dependence of the four hyrom second order, for whicly is 0, or from first order, for
perfine fields in NgFesAu, where the average of the U6 which % is 1. Hence, in NgFesAu there is evidence for
and 1&’ fields has been plotted. It is clear from this figure magnetostriction but it is not strong enough to lead to a
that Ng;Fe;sAu is magnetically ordered above the previously first-order transition.

reportedT . of 340 K and theT of 408 K is confirmed by The previously reportédsomer shifts of NgFe;;Ag and

the Mossbauer spectra measured at 411 K. As is shown ilNdgFe;;Au were not very satisfactory because they did not
Fig. 4, the reduced weighted average hyperfine field versumllow the expected variation with near-neighbor envionment
the reduced temperature does not follow a Brillouin curve forand the Wigner-Seitz cell volume. These difficulties have
spin 3/2 or 5/2, but does follow a curve similar to thosebeen resolved herein, and the largest field, that of theite,
calculated by Bean and Rodbélfor the temperature depen- is always associated with the most negative isomer shift, and
dence of the magnetization in a magnetostrictive system. Thine smallest field, that of the lL6site, is always associated
experimental values for NBe ;Au agree rather well with

the calculated curve for a spin 3/2 ape= 0.5. Then param-

eter measures how much the magnetic transition departs © 1.0
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FIG. 3. The temperature dependence of the hyperfine fields ifFe\@u. line is the curve calculated for spin 3/2 ame=0.5 (See Ref. 14
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0.15 TABLE Il. The lattice properti€sof NdgFe;-X.
16l
2
8y, 10°ds/dT, Mg, 10 d(In A)/dT,
L, o1of Qo & X Sites mm/s  (mm/9/K  g/mol Kt Om, K
I= Cu Wt Ave. 0.0918) -5.74) 7205 -10.97) 31420
E_ 4d —5.13) 82(4)
£ o005} 16k —5.65)  75(6)
» 16k . 16, ~5.74)  74(5)
g .:Q)AA 16l, -6.2(3) 67(3)
16l
& 00 ' Ag Wt Ave. 0.0863) —5.21) 812 -854) 33712
¥ o 4d —-4.734) 881
3 16k -511) 812
005 4d 16, -5.01) 83(2)
Opts 16, —5.42) 772
. . . Au Wt Ave. 0.0861) -5.663) 73.53) —10.88 31212
-0.10 b L - L - - 4d —5.362) 77.713)
10.0 10.5 11.0 11.5 120 12.5 . 3.0 16k _5513) 75.54)
Iron Site Wigner-Seitz Cell Volume, A 16, —-5.514) 74.75)
16l, —-5.952) 69.93)
FIG. 5. The correlation between isomer shift and Wigner-Seitz cell volumeSi ~ Wt. Ave. 0.0991) —6.448) 65(1) -8.93) 368(8)
in NdgFe 35X, where X is Si,0J, Cu, O, Ag,A, and Au, ¢, and the solid 4d —5.758) 72(1)
symbols refer to the 16site. 16k —6.265) 66.55)
16, -6.313) 65.33)
16l, -6.82) 612

with the most positive isomer shift. Furthermore, as is
expected? see Fig. 5, there is a virtually perfect linear cor-

aThe errors associated with the final digits are given in parentheses for each
value.

relation between the isomer shifts and the Wigner-Seitz cell
volumeg$®®for the three compounds.
The temperature dependence of the isomer shifts o&verage binding of the Fe in the lattices of the three com-

NdgFe sAu are shown in Fig. 6. The plots for Iee ;Cu and

pounds. The temperature dependence of the isomer shifts and

NdgFe;3Ag between 85 and 295 K are very similar. The tem-the effective masses for the different sites are also given in
perature dependence of the isomer shifts and the naturaiable I1. In all three compounds, the effective masses of the
logarithm of the total absorption areas, and the defived individual sites correlate well with the Wigner-Seitz cell vol-
effective massesM, and the Mssbauer or Debye tem- umes. The smallestdtsite is characterized by the largest
peraturesfy, , are given in Table Il. There is no significant effective mass, a mass which indicates that the Fe atom is
variation in the weighted average isomer shifts at zeramore tightly bound in this small site. In contrast, the largest
Kelvin with X, in agreement with the absence of the X atomsite 18, is characterized by the smallest effective mass, cor-
in the first neighbor shell of each of the Fe sites. Equallyresponding to a weaker covalent bonding of the Fe atom in
there is little variation in the Mssbauer temperature for the this site.

Cu, Ag, and Au compounds, indicating the similarity in the

FIG. 6.
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J. Appl. Phys., Vol. 83, No. 3, 1 February 1998

B. Mossbauer spectra of Nd gFe;;Si

The Massbauer spectra of Née,;Si, obtained at several
temperatures, are shown in Fig. 7. Because the Fe moments
are parallel to the tetragonat-axis at room temperature, the
295 K Mossbauer spectrum of Nee;;Si was first fit with
four sextets. A reasonable but not fully satisfactory fit was
obtained with parametetsimilar to those of NgFe;sSn. A
close examination of the spectra obtained at 155 K and
above, reveal additional weak components whose hyperfine
parameters are equivalent to those expeétefiNd,Fe;; or
of Nd,Fe, ; containing a small amount of $i.Indeed a neu-
tron diffraction® study of NgFe;sSi at 295 and 17 K has
revealed the presence of 10 and 12%, respectively of a
Nd,Fe ; phase. Hence the fit of all of these spectra has in-
cluded 11% of NegFe;7, an impurity which accounts for the
weak absorptions shown in Fig. 7.

A careful examination of the temperature dependence of
the Mossbauer spectra of Née ;Si obtained between 130
and 80 K, reveals that the spectra are slowly changing with
decreasing temperature. The most obvious changes occur at

Hautot et al.
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— T maximum of 31 adjustable parameters, of which at most ten
' were simultaneously adjusted. In a second step of the fitting
procedure, a texture parameter,was adjusted. Because the
magnetization rotates by 90 degrees between the high- and
the low-temperature phase,is expected to be different in
et e the two phases. Indeed, is ~2.4 in the low-temperature
Al ; phase and 1.4 in the high-temperature phase. As is shown in
Fig. 7, the fits obtained with this complex model are excel-
lent. The resulting hyperfine parameters are given in Table
Ill. The temperature dependences of the individual isomer
st _ 7 shifts and hyperfine fields are perfectly uniform as indicated

1000 |
995 F
990 F

98.5 |

995 |

99.0 [

98.5 |

wsl "‘Yf oK by the values given in this table.
' ‘,' The lattice parameters of N, 3Si, obtained’ from the
®oF r temperature dependences of the isomer shifts and the natural

%8st logarithm of the total experimental absorption area are given

98.0 in Table Il. There is no clear significant difference between

1000 p NN V(\g«?“ﬁ,( ' NdgFesSi and the other three compounds, except for the
Y’\rw*( Y ’." oK MOssbauer temperature which is larger and the effective
¥ N Y 5 ¥ mass which is smaller for N&e,;sSi.
_ ‘ : The quadrupole shift values, QS, given in Table Ill and
985 shown in Fig. 8 for the axial and basal phases, particularly
1000 | WMAniing - their signs, reflect the rotation of the magnetic easy axis
through the change of the factor 3 s 1, whereé is the
angle between the principal axis of the electric field gradient
tensor and the hyperfine field. If we assume that the QS
values for the 1§ and 16, sites in the axial phase corre-
spond to#=0°, then the QS values in the basal phase are
exactly what is expected fat=90° and a rotation of 90° of
the magnetic easy axis.
. In conclusion, the Mesbauer spectra of Née;;Si indi-
085 A AT cate that a spin reorientation occurs over a wide range of
s 6 42 0 2 4 6 810 temperatures below 150 K. The temperature dependence of
Velocity, mm/s . )
the percentage of the high- and low-temperature phases is
FIG. 7. The Masbauer spectra of e, Si obtained at the indicated tem- Shown in Fig. 9. At 110 K the mixed magnetic phase is
peratures. ~50:50 axial and basal magnetization and at 80 K, 75% of
the spins are aligned in the basal plane.
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~—3, 4, and 5 mm/s. Below 100 K the spectra closely re-IV- MAGNETIZATION STUDIES

semble those of Nffe:Cu, NdFeAg, and N@FeAu. The temperature dependence of the magnetization of
Hence a fit with five sextets was attempted, a fit which Was\|d,Fe,.Si measured in a field of 0.1 T is shown in Fig. 10.
not fully satisfactory. The slow changes occurring in thetpe cusp anomaly observed at 420 K is very similar to that
spectrum with decreasing temperature indicate the coexXisipserved at ~410 K in a field of 0.04 T and to that
ence of two phases, a high-temperature phase wittagis  gpservedin NdgFe,Au at 410+ 3 K in a field of 0.1 T. This
magnetization requiring four sextets, and a low-temperaturgimilarity suggests an antiferromagnetic behavior of the Fe
phase with a basal magnetization requiring five sextetsypjattice in NgFe;sSi. A moderate increase of magnetiza-
Hence, we have fit the Misbauer spectra of I¥8eisSi ob-  {ion s observed in NgFe,sSi below 340 K. This increase in

tained below 155 K, with nine sextets, in which the isomerinqo magnetization is attributed to the preséficd 11% of
shifts of the two or three sextets, corresponding to the highNszel7 in NdgFeysSi.

temperature and low-temperature phases of tbe 46,

and 16, or 16 _sites, respectively, were constrained 'Fo bev_ DISCUSSION AND CONCLUSIONS

equal. The relative areas of the two sextets representing the

16k and 1&' sites in the low-temperature phase were also It should be noted that many alternative models may
constrained to be equal. The initial hyperfine parameters ofidequately fit the complex Msbauer spectra of the type
the low-temperature phase were chosen to be similar to thoseported herein. However, the internal correlation of the hy-
of NdgFe sCu, and the initial hyperfine parameters of the perfine parameters as a function of X and temperature can
high-temperature phase were taken from the four sextet fit abften highly restrict the number of these models. In this ar-
the room temperature spectrum of JRé,;Si. The relative ticle, we have developed an internally consistent model
areas were constrained to the ratio of the magnetic degenerashich has been applied to four different compounds over a
cies. Only one linewidth was adjusted. Hence, there was eange of temperatures and magnetic anisotropies. Thus, al-
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TABLE Ill. Mo'ssbauer spectral hyperfine paramétéss NdgFe, ;Si.

Axial Basal

Parameter T, K 4d 16k 16, 16, W.Av. %A 4d 16k 16k’ 16, 16,  W.Av. %A

H, kOe 295 289 277 257 187 244 100 — — — — — — 0
225 317 305 286 206 270 100 — — — — — — 0
155 339 326 309 219 289 100 — — — — — — 0
135 340 329 315 223 293 96 350 331 318 293 220 285 4
120 344 332 317 225 295 77 354 332 320 290 225 286 23
110 345 333 319 226 297 49 352 329 323 294 225 287 51
100 346 335 319 227 298 40 354 331 323 297 225 288 60
90 347 335 320 231 299 28 361 336 325 300 229 292 72
85 347 334 322 230 299 26 358 334 326 299 227 291 74
80 347 334 322 230 299 25 361 336 326 300 228 292 75

8, mm/s 295 —-0.148 -0.103 -0.110 -0.039 0.089 100 — — — — — — 0
225 —0.110 -0.060 —-0.064 —0.008 —0.050 100 — — — — — — 0
155 -0.070 -0.015 -0.020 0.050 -0.001 100 — — — — — — 0

135 -0.057 -0.002 -—0.007 0.067 0.013 96 —-0.057 -0.002 -0.002 -—0.007 0.067 0.013 4

120 —-0.050 0.008 0.003 0.077 0.023 77 —0.050 0.008 0.008 0.003 0.077 0.023 23
110 -0.045 0.012 0.008 0.081 0.028 49 —0.045 0.012 0.012 0.008 0.081 0.028 51
100 —-0.039 0.020 0.016 0.089 0.035 40 —0.039 0.020 0.020 0.016 0.089 0.035 60
90 —0.030 0.024 0.021 0.094 0.040 28 —0.030 0.024 0.024 0.021 0.094 0.040 72
85 —0.027 0.028 0.024 0.097 0.044 26 —0.027 0.028 0.028 0.024 0.097 0.044 74
80 —0.024 0.031 0.027 0.100 0.047 25 —0.024 0.031 0.031 0.027 0.100 0.047 75

QS, mm/s 295 0.28 0.35 0.30 0.28 — 100 — — — — — — 0
225 0.28 0.35 0.30 0.30 — 100 — — — — — — 0
155 0.28 0.35 0.32 0.32 — 100 — — — — — — 0
135 0.28 0.36 0.30 0.29 —_ 96 -—0.040 0.060 —0.038 -0.140 -0.130 — 4
120 0.28 0.36 0.30 0.29 — 77 —0.040 0.060 —-0.038 -0.140 -0.130 — 23
110 0.28 0.36 0.30 0.29 — 49 —0.040 0.060 —0.038 -0.135 -0.131 — 51
100 0.28 0.36 0.30 0.29 — 40 —0.040 0.060 —-0.038 -0.137 -0.145 — 60
90 0.28 0.36 0.30 0.29 — 28 —0.040 0.060 —0.038 -—0.146 —0.140 — 72
85 0.28 0.36 0.30 0.29 — 26 —0.040 0.060 —0.038 -0.145 -0.134 — 74
80 0.28 0.36 0.30 0.29 — 25 —0.040 0.060 —0.038 -—0.148 -0.134 — 75

&The linewidths are 0.30 mm/s at 80, 85, 90, 100, 110, and 120 K, 0.32, 0.31, 0.32, and 0.34 mm/s at 135, 155, 225, and 295 K, respectively} and
1.4 for the basal and axial phases, respectively.
PRelative toa-iron foil at room temperature.

though our model may not be unique, we do believe it is thement of the 16, sextet as was suggested by Yainal.® In

best available for understanding the $ébauer spectra of the RFe B compounds, the agreement between the mag-
NdsFe sX compounds. Further this model provides an excélyetic moments computed from hyperfine field measurements
lent correlation between the isomer shifts and the hyperfing 4 145 obtained from neutron diffraction measurements is

fields or the Wigner-Seitz cell volumes of the different crys- .\ 1 pettef® The relationship between the hyperfine field

tallographic iron sites, as discussed above. Indeed, by usi d the iron magnetic moment is more accurately described
y the linear relationshiptH = Auwget+ Bon, Where g, is

this internally consistent model, it is possible to understan
the magnetic interactions in a variety of related c:ompoundst.he spin only contribution ang, is the orbital contribution
to the Fe magnetic moment. The orbital contribution to the

From the low temperature hyperfine fields given in
Tables | and lll, magnetic moments for all four compounds_. " " ! .

9 P field in a series of Y-Fe compounds has been estinrfated
be similar to the value of 38 kOe measuredvifiron. If we

of 2.4, 2.2, 2.0, and 1.ag can be computed for thet4 16k,

16,, and 16, sites, respectively, assuming an empirical - os e ;
assume the same orbital contribution ingRé 3X, we obtain

spin only moments of 1.7, 1.5, 1.4, and 1.0 for thi 46k,

conversion factdf?! of 148 kOefsg . These values, and the
16,, and 16, sites, respectively. These values are still sig-

weighted average value of 1.92;, are in excellent agree-
ment with the average magnetic moment of

obtained? from magnetization measurements at 4.2 K innificantly larger than the moments obtained from neutron
NdgFe;Au and at 15 K in NgFe;oX, where X is Cu, Sb, and diffraction measurementsWe believe that this discrepancy
Bi. The room temperature hyperfine fields give magnetic mois due to the inaccuracy of the magnetic moments obtained
ments of 1.9, 1.7, 1.6, and 12 for the 4d, 16k, 16, and from neutron diffraction measuremenitsan inaccuracy
161, sites, respectively, values which are substantially largewhich results from the very small contributibhthe mag-
than the moments of 1.3, 0.9, 0.5, and 2.8, obtained from  netic scattering makes to the total neutron scattering.
neutron diffraction measurementen Nd;Fe sSi. The dis- The variation of the four hyperfine fields as a function of
agreement between the skbauer and neutron diffraction X in NdgFe 35X is shown in Fig. 11. This figure uses the 85 K
results for the 1§ site cannot be explained as a misassign-hyperfine fields when X is Cu, Ag, Au, and Si, the previously
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pounds, where X is Cu, Ag, Au, and Si, exhibit basal mag-
030 | netic anisotropy. In contrast, as is indicated by a four sextet
spectral analysis! the NdFe 32X compounds, where X is In,
@ooo o 16K Tl, Sn, and Pb, exhibit axial magnetic anisotropy. The
-0.40 ' ' ' ' ' ~ shapé® of the Massbauer spectra of NEesSb and
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FIG. 8. The temperature dependence of the quadrupole shifts, QS, in tl
Mossbauer spectra of yée,;Si.

NdgFe 3Bi, particularly between-4 and—2 mm/s, suggests
that these spectra should have been analyzed with five rather
htehan four sextets, and thus it would appear that these two
compounds also exhibit basal magnetic anisotropy. Finally
the spectrd at 290 and 15 K of NgFe,;Ge are very similar
reported® 4.2 K hyperfine fields when X is In, TI, Sn, Pb, to the 295 and 85 K spectra of jeg3Si and probably
and Sb, and the previously reportéd 15 K hyperfine fields should have been analyzed with four and five sextets, respec-
when X is Ge and Bi. The X atoms have been grouped actively. Hence, we believe that MEeGe shows a spin-
cording to their electronic structure and the dotted lines sepd€orientation similar to that observed herein forgRel ;Si.

rate columns in the periodic table. As is indicated by our five ~ The successive changes from basal to axial magnetic an-

sextet Masbauer spectral analysis, the JNej;X com-  iSotropy are clearly apparent in Fig. 11. The X atoms of
group IB or 11, i.e., Cu, Ag, and Au, with an electronic
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FIG. 9. The temperature dependence of the percentage of the high-
temperature phase in the &bauer spectra of ek, ;Si. FIG. 11. The compositional dependence of the hyperfine fields jFré&lgK.
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structure nd*¥(n+1)s?, give rise to a basal anisotropy, atoms are more tightly bound in the lattice and have a larger
whereas the X atoms of group IllA or 13, i.e., In and TI, with effective mass.

an electronic structurad*®(n+1)s?(n+1)p?, give rise to
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