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The magnetic properties of a series of Nd2Fe17_xAlx solid solutions, with x equal to 2.04, 4.01, 
5.97, 7.94, and 9.06, have been studied by magnetic measurements, neutron diffraction, and 
Mossbauer spectroscopy. Magnetization studies indicate that the Curie temperature increases from 
330 K in Nd2Fe17 to a maximum of -470 K at an x of 3.5. The compounds crystallize in the 
Th2Zn17 structure with lattice parameters and unit cell volumes which increase linearly with 
increasing aluminum content. The neutron diffraction results indicate that aluminum atoms are 
excluded from the 9d site, prefer the 18h site at low aluminum content, and prefer the 6c and 18/ 
sites at high aluminum content. At 10 K the magnetic moments of the iron and neodymium atoms 
are collinear and take up a basal orientation at all aluminum contents. The moments decrease with 
increasing aluminum content and the magnetic moments per unit cell at 10 K are in excellent 
agreement with the 4.2 K saturation magnetization values. At 295 K the Nd2Fe17_xAlx solid 
solutions for x equal to 7.94 and 9.06 are paramagnetic. The magnetic Mossbauer spectra have been 
fit with a binomial distribution of the near-neighbor environments. The weighted average isomer 
shift increases, as expected, with increasing aluminum content as a result of interatomic charge 
transfer and intraatomic iron 4s-3d charge redistribution. The weighted average maximum 
hyperfine field at 295 K shows a maximum of 221 kOe at x equal to 2.04 but at 85 K it decreases 
uniformly with increasing aluminum content. The weighted average decremental field, 6.H, the 
change in the hyperfine field per aluminum near-neighbor, decreases with increasing aluminum 
content. It is proposed that, as a consequence of the increase in the average distance between an iron 
atom and its next near-neighbor shell with increasing aluminum content, the wavelength of the 
Friedel oscillation increases and the ratio of this wavelength and the shell distance becomes more 
favorable for ferromagnetic exchange. 

I. INTRODUCTION

When R2Fe17 rare-earth intermetallic compounds are in
terstitially carbided1 or nitrided,2•3 to form R2Fe17Cx or 
R2Fe17Nx , their unit cell volumes4-6 expand by approxi
mately 5% to 7% and, as a result, their Curie temperatures 
increase by approximately 400°. Because of this increase, 
these new interstitial materials may form the basis for effi
cient new permanent magnets. However, the presence of the 
interstitial carbon or nitrogen causes difficulties 7 in the 
manufacture of these new magnetic materials. Hence, it is 
important to search for other means of increasing the unit 
cell volumes and the Curie temperatures of the R2Fe17 inter
metallic compounds. One important approach for doing this 
is the formation of pseudobinary materials, such as 

R2Fe1 ?-xMx , where M is an element which will substitute 
on one or more of the iron lattice sites and, in so doing, 
increase the unit cell volume. Possible candidates8 for M 
include aluminum, silicon, and gallium, and we have re
cently reported9 a dramatic increase in the Curie tempera
tures of the Th2Fe11_xGax solid solutions. The maximum 
Curie temperature is -560 K for Th2Fe13Ga4 • The addition 
of gallium to Th2Fe17 is accompanied by a linear increase in 
the unit cell volume of 8 A3 per gallium for x between 1 
and 8. 

•>i>resent address: Van der Waals-Zeeman Laboratory, University of Amster
dam, NL-1018 XE Amsterdam, The Netherlands . 

We have also recently reported10 on the magnetic prop
erties of R2Fe17_xAlx where R is Y, Ce, Th, Dy, Ho, Er, and 
Tm. In order to better understand these magnetic properties it 
is particularly important to know the location of the substi
tutional atom within the iron lattice and we have recently 
reported that both aluminum11 and gallium9 are not randomly 
distributed over the four crystallographic iron sites but rather 
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FIG. 1. The compositional dependence of the a and c lattice parameters in 
the Nd2Fe17_,Al, solid solutions. 

are concentrated on specific sites and excluded from other 
sites. 

In this article, we report a detailed magnetic, neutron 
diffraction, and Mossbauer spectral study of the structural 
and magnetic properties of Nd2Fe17 _

x
Al

x 
at both room and 

low temperature. We find that the specific site occupancies of 
the aluminum are important in understanding how the ex
change pathway changes in these solid solutions, brought 
upon by bond length changes affect the long range magnetic 
ordering. It is interesting that for the Nd2Fe1 ?-x

Al
x 

solid 
solutions the increase in Curie temperature is, as expected, 
accompanied by a unit cell expansion, but such an expansion 
does not have to occur, as is the case12 for Nd2Fe17 _

x
Si

x
. 

II. EXPERIMENTAL METHODS

The samples were prepared from 99.9% pure elements
by arc melting. The samples were then annealed at 900 °C 
for more than three weeks and their phase purity was 
checked by x-ray diffraction with Cu K

a 
radiation on a Phil

ips PW 1800/10 x-ray diffractometer equipped with a single 
crystal graphite monochromator. The Nd2Fe17_

x
Al

x 
solid so

lutions crystallize in the rhombohedral Th2Zn17 structure, 1
3 

a
structure which has consistently been found to be stoichio
metric and free from disorder. The compositional depen
dence of the a and c lattice parameters is shown in Fig. 1. 

The magnetic properties of the free particle samples 
were measured on a SQUID magnetometer between 5 and 
300 K and on a Faraday magnetometer between 300 and 
1000 K. The Curie temperatures were determined in small 
magnetic fields of -0.1 T by plotting the square of the mag
netization versus temperature and extrapolating the steepest 
part of the curve to zero magnetization. 

The powder neutron diffraction patterns were collected 
at the University of Missouri Research Reactor by using a 
linear position sensitive diffractometer and neutrons with a 
wavelength of 1.4783 A. The data for each sample were 
collected over -24 h at both 295 and 10 K between 28 
angles of 5° and 105° on approximately 2 g of finely pow-
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FIG. 2. The temperature dependence of the magnetization measured in a 0.1 
T magnetic field of several Nd2Fe17 _ ,Al, solid solutions. 

dered sample placed in a thin wall vanadium container which 
was placed in a closed cycle refrigerator for the 10 K studies. 
Refinements of the neutron diffraction data were carried out 
with the FULLPROF14 computer code which permits multiple 
phase refinement as well as magnetic structure refinement of 
each of the coexisting phases. The Nd2Fe17_

x
Al

x 
solid solu

tions were found to contain -3% or less by volume of 
a-iron.

The Mossbauer spectra were obtained at the University
of Missouri-Rolla at 85 and 295 K on a constant-acceleration 
spectrometer which utilized a room temperature rhodium 
matrix cobalt-57 source and was calibrated at room tempera
ture with a-iron foil. The Mossbauer absorbers, which were 
-30 mg/cm2, were prepared from powdered samples which
had been sieved to a 0.045 mm or smaller particle diameter.
The resulting spectra have been fit as discussed below and
elsewhere15 and the estimated errors are ±2 kOe for the
weighted average maximum hyperfine fields and ±0.01
mm/s for the weighted average isomer shifts. At low alumi
num contents, the Mossbauer spectra reveal the presence of
between 2% and 3% by area of a-iron. The hyperfine param
eters for this phase were constrained to their known values.

Ill. MAGNETIC STUDIES 

The magnetization of the Nd2Fe17_xAlx solid solutions
has been measured as a function of temperature in a 0.1 T 
field and the results for several of the compounds are shown 
in Fig. 2. From this figure it is immediately clear that the 
magnetization of Nd2Fe13Al4 above -350 K is much higher 
than that of Nd2Fe17, whereas, surprisingly, at -350 K the 
magnetization of Nd2Fe17 is similar to that of Nd2Fe11Al6• As 
is explained in Sec. II, the temperature dependence of the 
magnetization has been used to determine the Curie tempera
tures of these solid solutions and its compositional depen
dence is shown in Fig. 3. The Curie temperature is at a maxi
mum at an x value of approximately 3. A very similar 
variation of the Curie temperature with the aluminum 
content10 in Ho2Fe17 _

x
Al

x 
and Y2Fe17 _

x
Al

x 
and the gallium 

content9 in Tb2Fe17_
x
Ga

x 
has recently been reported.

Long et al.
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FIG. 3. The compositional dependence of the Curie temperature in the 
Nd2Fe17_xAl, solid solutions.

It should be noted that the results shown in Fig. 2 were 
made in comparatively low magnetic fields in order to accu
rately determine the Curie temperatures. The applied fields 
of about 0.1 T are generally much smaller than the anisot
ropy fields present in the statistically oriented powder par
ticles of the compounds investigated. Because the crystal 
field induced anisotropy is expected to vary strongly with 
temperature and composition, the increases and decreases in 
the temperature dependence of the magnetization observed at 
low temperature in Fig. 2 are probably artefacts and do not 
represent magnetic phase transitions. In order to compare the 
magnetizations in the different compounds and to further 
avoid such artefacts we have also performed magnetic mea
surements in high magnetic fields and the results are shown 
in Fig. 4. The saturation magnetization is at a maximum for 
Nd2Fe17 as would be expected for the compound containing
the most iron. The values of the saturation magnetization are 
virtually the same as those observed in the 10 K neutron 
diffraction study discussed below and given as the magnetic 
moment per formula unit in Table I. 

IV. NEUTRON DIFFRACTION STUDIES

The results of the 295 K neutron diffraction measure
ments on the Nd2Fe17 _xAlx solid solutions have previously 
been reported, 11 but in this earlier work the magnetic contri
butions to the neutron scattering were ignored. Herein we 
present complete refinements of both the nuclear and mag
netic scattering at 10 and 295 K in Tables I and II, respec
tively. In order to provide a direct comparison with the 
Nd2Fe11-xAlx solid solutions, we have also remeasured13 
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FIG. 4. The 4.2 K magnetization of several Nd2Fe17_,Alx solid solutions as 
a function of the applied fields. 

Nd2Fe17 at 10 and 295 K. The results are also given in these 
tables. The 295 K aluminum occupancies, reported previ
ously, deviate somewhat from the nominal compositions, 
with a fractional error of up to 15% for Nd2Fe15A12 • In con
trast, in the refinements reported in Table I, the 10 K alumi
num occupancies were all within 0.1 of the nominal compo
sitions except for our initial unconstrained refinement of the 
Nd2Fe15A12 data. In these initial refinements, a plot of the
aluminum site occupancies as a function of composition fol
lowed reasonably smooth curves except for the 6c site in 
Nd2Fe15A12 , for which the unconstrained 6c site occupancy
of 9.6% was far too high. Because the 6c site is a low de
generacy site, and thus contributes relatively little to the 
overall scattering, small systematic errors may accumulate in 
its refinement and, hence, the deviation of the aluminum oc
cupancy was not too surprising, especially at the low alumi
num concentration in Nd2Fe15A12 • To overcome this problem
we have constrained the aluminum occupancy of the 6c site 
in Nd2Fe15A12 to 4%, as would be expected from the inter
polated occupancy. All of the remaining aluminum occupan
cies in Nd2Fe15A12 have been refined and lead to a total 
aluminum occupancy of 2.03, or Nd2Fe14.97A12.03, a value
which is completely consistent with the expected stoichiom
etry. The results in both Tables I and II use this constraint, 
but for all other compositions, the quoted occupancies are 
fully unconstrained. 

A comparison of the occupancies given in Table I with 
our earlier room temperature results11 shows generally excel
lent agreement, but the low temperature results should be 
viewed as more reliable, especially because of their excellent 
agreement with the highly accurate nominal compositions. 
As a result, the occupancies obtained from the 10 K neutron 
diffraction refinements have been used in the refinement of 
the 295 K data and to extract the magnetic moments given in 
Table IL 

As is shown in Fig. 5, the aluminum almost completely 
avoids the 9d site, the site with the smallest Wigner-Seitz 
cell volume.4 At compositions up to an x of approximately 6, 
aluminum prefers the 18h site and occupies the 6c and 18/ 
site in an approximately random fashion. In contrast, at 
higher aluminum compositions, aluminum strongly prefers 

Long et al. 5385 J. Appl. Phys., Vol. 76, No. 9, 1 November 1994



TABLE I. The lattice and positional parameters, site occupancies, and moments in Nd2Fe17_xAlx as measured by neutron diffraction at 10 K. 

Compound Nd2Fe17 Nd2Fe1sAJ2 Nd2Fe1;iA14 Nd2Fe11Al6 Nd2Fe�8 Nd2FegAl9 

x-refined 0.00 2.04 4.01 5.97 7.94 9.06 
a,A 8.5797(2) 8.6374(1) 8.6882(2) 8.7473(2) 8.8182(2) 8.8506(1) 
c,A 12.5021(2) 12.5728(3) 12.6579(3) 12.7399(3) 12.8042(4) 12.8486(2) 
c/a 1.457 1.456 1.457 1.456 1.452 1.452 
v,A3 797.0 812.3 827.5 844.2 862.3 871.6 
Nd, 6c,z 0.3418(3) 0.3416(3) 0.3423(3) 0.3439(3) 0.3461(3) 0.3450(2) 
Fe/Al, 6c,z 0.0951(3) 0.0955(2) 0.0957(2) 0.0968(3) 0.1019(4) 0.1024(4) 
Fe/Al, 18/,x 0.2918(2) 0.2889(1) 0.2875(1) 0.2858(1) 0.2879(2) 0.2895(2) 
Fe/Al, 18h,x 0.1687(2) 0.1689(1) 0.1705(1) 0.1707(1) 0.1695(2) 0.1692(1) 
Fe/Al, 18h,z 0.4905(2) 0.4898(1) 0.4892(2) 0.4892(2) 0.4903(2) 0.4903(1) 

%Al, 6c 0.0 4.o• 13.1(2) 43.1(3) 75.5(3) 97.6(4) 
%Al, 9d 0.0 0.0 0.0 0.0 0.0 5.6(4) 
%Al, 18/ 0.0 7.0(2) 21.0(2) 38.6(3) 59.2(3) 74.0(3) 
%Al, 18h 0.0 24.8(2) 41.4(2) 46.6(3) 47.8(3) 43.6(3) 
R-factor 5.95 6.27 6.29 7.36 7.04 5.76 
Rw-factor 7.81 8.24 8.17 9.37 9.08 7.31 
Rm-factor 5.98 6.69 8.14 9.78 9.49 10.8 
x'- 3.77 3.24 3.55 3.82 2.71 1.77 
µ, Nd, 6c, µ8 2.9(2) 3.3(2) 3.0(1) 3.1(1) 1.9(2) 1.5(3) 
µ, Fe, 6c, µ8 3.5(2) 2.7(2) 1.9(3) 1.1(3) 1.0• 1.0' 
µ, Fe, 9d, µB 2.5(2) 2.1(1) 1.2(2) 0.9(2) 0.7(3) 0.6(2) 
µ, Fe, 18/, µB 2.9(2) 2.6(1) 2.0(2) 1.7(1) 0.5(2) 0.4(3) 
µ, Fe, 18h, µ8 2.3(2) 2.2(2) 1.7(1) 1.8(2) 0.5(2) 0.4(4) 
µ/cell, µB 154.5 125.1 85.1 66.6 32.7 25.5 
µ/formula, µ8 51.5 41.7 28.4 22.2 10.9 8.5 
a-Fe, vol% 0.0 3.00 2.13 0.44 0.63 1.06 

"Parameter constrained to the value given. 

the 6c and 18/ sites and the aluminum occupancy of the 
18h site remains relatively constant at approximately 45%. 
Very similar gallium and aluminum occupancy trends have 
been observed9•16 in both Th2Fe17-xG� and Th2Fe11-xAlx,
but these occupancies do not agree well with those deduced 
earlier8 from either an x-ray diffraction or a Mossbauer spec-

tral study of Nd2Fe15Al2• The trends in these occupancies 
may be understood, at least in part, on the basis of the near
neighbor environment of each site. The Wigner-Seitz17 near 
neighbors and the 295 K cell volumes for Nd2Fe17 are given 
in Table III. At low aluminum content, apparently because of 
the very short 6c-6c bond distance,4•13 the aluminum avoids 

TABLE II. The lattice and positional parameters, site occupancies, and moments in Nd2Fe17_xAlx as measured by neutron diffraction at 295 K.• 

Compound Nd2Fe17 Nd2Fe15Al2 Nd2Fe1:iAJ. Nd2Fe11Al6 Nd2F�8 Nd2FegAl9 

x-refined 0.00 2.04 4.01 5.97 7.94 9.06 
a,A 8.6002(1) 8.6569(1) 8.7112(2) 8.7615(2) 8.8306(2) 8.8676(2) 
c,A 12.4835(2) 12.5782(3) 12.6788(3) 12.7489(3) 12.8160(4) 12.8703(3) 
c/a 1.452 1.453 1.456 1.455 1.451 1.451 
v,A3 799.6 814.3 830.8 847.7 865.4 876.5 
Nd,6c, z 0.3426(3) 0.3427(3) 0.3429(3) 0.3435(3) 0.3451(2) 0.3458(2) 
Fe/Al, 6c, z 0.0957(2) 0.0958(2) 0.0963(2) 0.0970(3) 0.1012(4) 0.1031(4) 
Fe/Al, 18/, x 0.2882(1) 0.2874(1) 0.2862(1) 0.2869(2) 0.2875(2) 0.2909(2) 
Fe/Al, 18h, x 0.1687(1) 0.1695(1) 0.1706(1) 0.1709(1) 0.1694(2) 0.1694(2) 
Fe/Al, 18h, z 0.4893(1) 0.4895(1) 0.4898(2) 0.4893(2) 0.4905(2) 0.4899(2) 
R-factor 5.48 4.40 4.83 4.84 5.35 5.39 
Rw-factor 7.09 5.46 6.18 6.22 6.74 6.79 
Rm-factor 6.22 3.41 7.01 6.64 
x'- 3.11 2.18 2.49 1.62 2.01 2.23 
µ, Nd, 6c, µ8 2.1(2) 2.9(1) 2.7(1) 0.32 
µ, Fe, 6c, µ8 2.5(2) 2.5(2) 1.8(3) 0.74 
µ, Fe, 9d, µ8 1.7(2) 2.2(1) 1.2(2) 0.74 
µ, Fe, 18/, µ8 2.4(2) 2.4(1) 2.0(2) 0.74 
µ, Fe, 18h, µ8 1.7(2) 2.1(2) 1.5(1) 0.74 
µ/cell, µ8 116.7 120.2 80.6 26.4 
µ/formula, µ8 38.9 40.1 26.9 8.8 
a-Fe, vol% 0.0 3.0 2.13 0.44 0.63 1.06 

"The site occupancies are the same as those given in Table I. 
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FIG. 5. The percentage aluminum found on each of the four crystallographic 
iron sites in the Nd2Fe17 _ ,.Alx solid solutions. The dashed line represents 
random occupation by aluminum. 

the 6c site even though this site has the largest Wigner-Seitz 
cell volume. 

At high aluminum content, aluminum prefers the 6c site 
because this site has the largest number of 9d near neighbors 
and, in this way, the number of aluminum near-neighbor 
pairs are minimized. At low aluminum content, the alumi
num occupancy of the 18h site is approximately twice the 
random occupation. It is relatively easy to understand why 
there is such a strong preference of aluminum or gallium for 
the 18h site at low content. As may be seen in Table III, the 
18h site is exceptional in that it has three rare-earth near 
neighbors. If one bears in mind that the heat of mixing be
tween neodymium and iron is close to zero, whereas that of 
neodymium and aluminum is highly negative, it is clear that 
the 18h site will be strongly favored by aluminum.18 A simi
lar preference for silicon to associate with rare-earth near 
neighbors has been observed19•20 in Nd2Fe14_xSixB and 
Y2Fe14-xSixB. 

In Nd2Fe17 it should be noted that, interestingly, the 
c-lattice parameter is larger at 10 K than at 295 K. A similar
result has been reported21 for Y 2Fe17 and associated with
magnetostriction at the magnetic ordering temperature, a 
magnetostriction which predominately occurs along the c 
axis. The increase in the c-lattice parameter at low tempera
ture is apparently a reflection of the 'invar' effect, an effect 
which is less pronounced in the aluminum solid solutions 
because of their increased Curie temperatures, see Fig. 3. In 
order to confirm this observation, a detailed neutron diffrac
tion study of Nd2Fe17 as a function of temperature, is cur
rently in progress. 

At 10 and 295 K the neutron diffraction derived lattice 
parameters and unit cell volume increase linearly with in
creasing aluminum content. The 295 K values are virtually 
the same as those obtained by x-ray diffraction and shown in 
Fig. 1. At 295 K the unit cell volume increases by 8.5 A3 per 
aluminum whereas at 10 K the change is slightly reduced to 
8.3 A3 per aluminum. This behavior is similar to that 
observed16 in Tb2Fe17_xAlx but differs from that observed9 

in Tb2Fe17_xGax . In the latter compounds, although the unit 
cell volume increases linearly with increasing gallium con
tent, the lattice parameters increase linearly only at lower 
gallium content and, from an x of 5 to 8, the c lattice param
eter becomes approximately constant. The c/a ratio, as a 
function of aluminum content, is interesting because it both 
shows a maximum at an x of 4, a maximum similar to that 
found9 in Tb2Fe17 _ xGax , and a substantial increase between 
295 and 10 K. 

The compositional dependences of the magnetic moment 
on each site in the Nd2Fe17_xAlx solid solutions at 10 and 
295 K are shown in Figs. 6(A) and 6(B) respectively. The 
room temperature refinements show no magnetic order for an 
aluminum content above x equal to 6, but the 10 K data, as 
shown in Fig. 6(A) reveal magnetic ordering persisting to the 
limit of the aluminum solubility at x equal to 9. As shown in 
Fig. 6(B) the moments for Nd2Fe15Al2 at 295 K are all either 
the same or larger than in Nd2Fe17• The increase is most 
pronounced for the neodymium moment which is 0.8µn 
larger, or at least 0.6µn larger if one considers the errors on 
the moments, in the former compound. Because the rare
earth moments saturate more slowly than the iron moments 
with decreasing temperature, it is not surprising that they are 
also sensitive to the presence of aluminum and to the in
crease in the Curie temperature between Nd2Fe17 and 
Nd2Fe15Al2• The bulk magnetic moment decreases with in
creasing x, both because of the decreasing iron content and 

TABLE III. The 295 K Wigner-Seitz cell volumes and near neighbors in Nd2Fe17• 

Number of near neighbors Total No. Wigner-Seitz 
Iron cell volume, 

Site Nd 6c Fe 6c Fe 9d Fe 18/ Fe 18h DD A3 
Nd 6c 1 3 6 9 19 31.85 

Fe 6c 1 3 6 3 13 12.43 

Fe 9d 2 2 0 4 4 10 11.33 

Fe 18/ 2 2 2 2 4 10 11.84 

Fe 18h 3 2 4 2 9 12.16 
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FIG. 6. The iron and neodymium magnetic moments in the Nd2Fe17_xAlx 

solid solutions measured at (A) 10 K and at (B) 295 K. The iron 6c site is 
given by 4, the 9d site by +, the 18/ site bye, the 18h site by•. and the 
neodymium 6c site by e. 

because of the reduction in the ordered moments on the re
maining iron atoms, see Table I. 

For Nd2Fe15Al2 , which is just below the maximum Curie 
point aluminum composition, the iron moments at 10 K are 
quite large, averaging 2.34µB per iron, and yield a bulk mo-
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ment of 41.7µB per formula unit. It appears that the en
hanced exchange between the remaining iron atoms more 
than compensate for the reduced number of exchange paths 
at this composition. The changes in slope observed for the 
neodymium and iron 18f and 18h moments at 10 K for 
Nd2Fe11Al6 , see Fig. 6(A), appear to be real as a refinement 
with lower moments resulted in a significantly poorer fit. 

The values of the magnetic moments per formula unit, 
derived from the 10 K neutron diffraction data, see Table I, 
are in excellent agreement with the 4.2 K values of the satu
ration magnetization shown in Fig. 4. In contrast, at 10 K the 
41.7 µB saturation magnetic moment per formula unit, re
ported in Table I for Nd2Fe15Al2, is substantially higher than 
the 5 K value of 32.8µB reported earlier.8

V. MOSSBAUER SPECTRAL STUDIES

Of the four crystallographically distinct iron sites in the
rhombohedral Nd2Fe17 structure,13 the 9d, 18f, and 18h
sites split4•

22
•
23 into two magnetically inequivalent sites be

cause of their point symmetries and the basal orientation of 
the magnetization. Consequently, the Mossbauer spectra of 
the Nd2Fe17_xAlx solid solutions were initially fit with seven 
broadened magnetic sextets. The Mossbauer spectra show 
that the long range magnetic ordering in these compounds 
becomes negligible at 85 K for x greater than 8, and at 295 K 
for x greater than 6. These x values are in agreement with the 
magnetic neutron scattering discussed above. In these pre
liminary Mossbauer spectral fits, the area weighted average 
magnetic hyperfine field at 85 K decreases by approximately 
20 kOe per aluminum. In contrast, at 295 K it increases with 
increasing aluminum content up to an x value of 2 and then 
decreases for higher aluminum content.11 The occurrence of 
this maximum may be explained by the strongly concentra
tion dependent Curie temperature which gives rise to a simi
lar maximum in this concentration range, see Fig. 3. 

In the above preliminary fits, all iron atoms on a specific 
lattice site were assumed to have the same hyperfine param
eters independent of the number of aluminum atoms in their 
near-neighbor environment. However, in Nd2Fe17_xAlx the 
near-neighbor environment of a particular iron atom is influ
enced by the presence of aluminum. The variation in the 
near-neighbor environment for a specific iron site produces a 
distribution of the hyperfine parameters of this site. By as
suming that aluminum is substituted randomly on the 6c, 
18f, and 18h sites, with the site occupancies given in Table 
I, a binomial distribution of the aluminum near neighbors at 
a specific iron site can be calculated. Figure 7 shows the 
percentage of the site which has a given number of alumi
num near neighbors for the four crystallographic sites in 
Nd2Fe15Al2 and Nd2Fe11Al6• Figure 7(A) indicates that in
Nd2Fe15Al2 the most probable environments for an iron atom 
contain one or two aluminum near neighbors. In contrast, 
Fig. 7(B) indicates that in Nd2Fe11Al6 the most probable en
vironments for an iron atom contain from 2 to 6 aluminum 
atoms. This change in distribution can be seen in the line
shape of the individual components of the distribution fits 
shown in Fig. 8. 

The magnetically ordered Mossbauer spectra were fit 
with a model which takes into account the binomial distribu-
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FIG. 7. The percentage of a given site which has a specific number of 
aluminum near neighbors for Nd2Fe15Al2, top, and Nd2FeuA16 , bottom. The 
6c site is given by"-, the 9d site by +., the 18[ site bye, and the 18h site 
by •. 

tion of near neighbor environments.19•23 In this fitting proce
dure, the iron atoms on a specific crystallographic site are 
represented by several magnetic sextets, each sextet resulting 
from the iron atoms having a different number of aluminum 
near neighbors. The relative area of these sextets is deter
mined from the binomial distribution. Both the maximum 
hyperfine field, H max, for the iron atoms on a specific site 
which have zero aluminum near neighbors, and a decremen
tal field, il.H, the change in the hyperfine field when one 
aluminum replaces an iron atom in the near-neighbor envi
ronment of the site, have been determined. In this 
approach, 19•23 for a specific aluminum concentration, x, the 
magnetic hyperfine field, H(x,n), at an iron atom with n 
aluminum near neighbors is given by H(x,n) 
=H mu(x)-nil.H(x). The initial values for the isomer shifts 
and the quadrupole shifts were taken from the preliminary 
fits mentioned above which used broadened sextets. 

The binomial distribution fits of the Mossbauer spectra 
of Nd2Fe17 _xAlx, measured at 85 K, are shown in Fig. 8. 
The hyperfine parameters derived from these binomial fits of 
the spectra measured at 295 and 85 K are given in Tables IV 
and V, respectively. The dependence of H max on the alumi
num content for different sites at 85 and 295 K is shown in 
Fig. 9. The area weighted average values of H max, AH, and 
the isomer shift are shown in Fig. 10. As indicated at the 
bottom of Fig. 10, the area weighted average isomer shift 
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TABLE IV. Miissbauer spectral parameters for Nd2Fe17 _ _.Al, obtained at 295 K. 

Parameter x 6c 9d6 9d3 

Hmax (kOe) 0.00 186 175 150 
2.04 261 234 210 
4.01 249 215 185 
5.97 

AH (kOe) 2.04 12.2 12.6 6.0 
4.01 10.2 11.0 8.4 

8 (mm/s)" 0.00 0.110 -0.165 -0.165
2.04 0.150 -0.153 -0.153
4.01 0.140 -0.120 -0.120
5.97 
7.94 0.225 0.086
9.06 0.230 0.113 

QS (mm/s) 0.00 0.00 -0.12 0.32 
2.04 0.00 0.03 0.47 
4.01 -0.Q2 O.Q7 0.52 

AEQ (mm/s) 7.94 0.31 0.59 
9.06 0.35 0.57 

1Relative to a-iron foil at 295 K. 

increases with increasing aluminum content. Similar in
creases have been observed previously16•24•25 and may be at
tributed to interatomic charge transfer and intraatomic iron 
4s - 3d charge redistribution in the presence of substitu
tional atoms such as aluminum and gallium. 

In a Mi:issbauer study of binary iron-aluminum alloys, 
Stearns26•27 deduced an increase in isomer shift of 0.03 mm/s 
per aluminum in the near neighbor environment of iron. If 

TABLE V. Miissbauer spectral parameters for Nd2Fe17_,Al, obtained at 85 K. 

Parameter x 6c 9d6 9d3 

Hmu. (kOe) 0.00 352 301 275 
2.04 338 290 265 
4.01 307 252 220 
5.97 255 204 165 
7.94 

AH (kOe) 2.04 17.3 19.4 20.0 
4.01 14.0 17.0 13.7 
5.97 12.0 11.7 9.5 

B(mm/s)• 0.00 0.250 -0.070 -0.070 
2.04 0.152 -0.027 -0.027 
4.01 0.180 -0.044 -0.044
5.97 0.230 0.040 0.040 
7.94 
9.06 0.250 0.237 

QS (mm/s) 0.00 -0.05 -0.10 0.34 
2.04 -0.Q3 -0.25 0.18 
4.01 -0.01 -0.20 0.23 
5.97 -0.17 0.00 0.44 

AE0 (mm/s) 9.06 0.048 0.603

1Relative to a-iron foil at 295 K. 
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Site 

18/12 

151 
219 
205 

23.9 
17.0 

-0.090
-0.040
-0.030

0.084
0.117

0.37
0.25
0.22 

0.81
0.98

153 
208 
194 

15.1 
9.8 

-0.090 
-0.040 
-0.030

0.00 
-0.12
-0.14

l8h12 

151 
209 
173 

22.0 
19.0 

-0.064
-0.051
-0.036

0.081
0.120 

-0.44 
-0.33 
-0.26 

0.30 
0.20 

18h6 Wt. avg. 

141 157 
205 221 
167 199 

79 

17.0 17.7 
13.0 13.3 

-0.064 -0.071
-0.051 -0.042 
-0.036 -0.027 

0.036 
0.092 
0.118 

0.45 
0.56 
0.62 

0.53 
0.56 

we assume that, on average, for Nd2Fe15Al2 , the iron atoms 
have one aluminum near neighbor, as shown in Fig. 7(A) the 
observed increase in weighted average isomer shift of -0.02 
mm/s, shown in Fig. 10, is very similar to that observed by 
Stearns.26•27 Furthermore, in Nd2Fe11Al6 , as shown in Fig. 
7(B) on average the iron atoms have four aluminum near 
neighbors and an increase in weighted average isomer shift 
of -0.12 mm/s is observed, see Fig. 10. We can thus con-

Site 

18/12 18/6 l8h12 18h6 Wt. avg. 

285 315 271 267 291 
269 300 257 249 281 
230 269 220 215 243 
193 216 145 145 189 

63 

24.8 22.2 25.7 19.8 21.5 
15.0 12.1 18.0 16.0 15.4 
11.6 8.0 16.0 12.0 11.7 

0.060 0.060 0.064 0.064 0.061 
0.103 0.103 0.025 0.025 0.059 
0.139 0.139 0.068 0.068 0.081 
0.140 0.140 0.084 0.084 0.124 

0.207 
0.222 0.243 0.237 

0.44 -0.10 -0.42 0.48 
0.48 -0.10 -0.39 -0.51
0.42 -0.11 -0.32 -0.57
0.31 -0.23 -0.42 -0.47
0.848 0.273 0.519 
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FIG. 11. The a-iron foil normalized Nd2Fe17_,Al, 85 K average hyperfine 
fields, •. and 10 K average magnetic moments, e, as a function of alumi
num content. 

elude that aluminum has the same influence on the isomer 
shift in the binary alloys and in the Nd2Fe17_xAlx solid so
lutions. 

For all iron sites, H max at 85 K decreases uniformly with 
increasing aluminum content and the area weighted average 
value of H max decreases by 17 kOe/Al. At 295 K the area 
weighted average value of H max for Nd2Fe15 Al2 is 63 kOe 
higher than in Nd2Fe17 but H max decreases with increasing 
aluminum content for compounds with x above 4. Of course, 
this higher H max value at 295 K arises in part because of the 
maximum in the Curie temperature observed at an x of ap
proximately four, as is shown in Fig. 3. At 85 K this increase 
is not expected because 85 K is well below the Curie tem
perature for all the compounds. The 85 K weighted average 
t:..H is in the range of 6%-7% of the weighted average of 
H max and decreases from 22 to 12 kOe as the aluminum 
content increases from 2.04 to 5.97. 

VI. DISCUSSION

It is useful to compare the Mossbauer results described
above with those obtained for binary iron-aluminum alloys 
by Stearns.26

•
27 A plot of the 85 K average hyperfine fields in 

Nd2Fe1 ?-x Aix , normalized to the field in a-iron, is given as 
a function of aluminum content in Fig. 11. This figure also 
shows the 10 K average magnetic moments in 
Nd2Fe17_xAlx, see Table I, normalized to the moment in 
a-iron. A similar plot was shown by Steams27 for the binary
iron-aluminum alloys with aluminum concentrations up to 15
at. %, a concentration which corresponds to an x of 2.55 in
Nd2Fe17_x Alx . In agreement with Steams,27 over the range
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FIG. 12. The iron-iron bond lengths as a function of aluminum content in 
the Nd2Fe1 7_xAlx solid solutions. 

O<x <2.55 the normalized hyperfine field is smaller than the 
normalized magnetic moment. In contrast, for x above three, 
the normalized hyperfine fields and magnetic moments show 
a very similar decrease with increasing aluminum content. 
This decrease indicates that the two quantities are rather 
equivalent and probe the magnetic interactions in a similar 
fashion. Furthermore, at high aluminum content, the alumi
num atoms seem to have a long range effect on the magnetic 
interactions in the lattice, whereas at low aluminum concen
tration, as noted by Steams,27 the aluminum atoms act as 
isolated magnetic holes in the lattice. 

In the same study, Steams27 observed a l:1H value of 
-7% of H max, a value which is very similar to those ob
served herein for the Nd2Fe17_xAl

x 
solid solutions. In con

trast with our observations, see Fig. 10, Steams found that in
this aluminum concentration range, H max and l:1H show little
or no compositional dependence. However, for aluminum
concentrations greater than 15 at. %, she reported26 a de
crease in H max with increasing aluminum concentration. One
has to be cautious in comparing Steams26

•
27 results with our

results, because her model to fit the Mossbauer spectra takes
into account aluminum atoms not only in the first near
neighbor shell but also in the subsequent four shells. In con
trast, because of the increased number of crystallographic
iron sites in Nd2Fe17, our model takes into account only the
first near-neighbor shell. The decrease in H max and l:1H with
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FIG. 13. A plot of the number of neighbors as a function of distance in (A) 
Nd2Fe17, (B) Nd2Fe13Al4, and (C) Nd2Fe8A19• The solid, dotted, and dashed 
lines represent the number of iron, aluminum, and neodymium neighbors, 
respectively. 

increasing aluminum content shown in Fig. 10, may be due 
to the presence of an increasing number of aluminum atoms 
in the second and subsequent neighbor shells of the iron 
atom. Indeed, the magnetic interactions, both in several bi
nary iron alloys27

•
28 and in the Dy2Fe1 7 -xAl

x 
solid 

solutions,29 have been interpreted within the Friedel model. 
In particular, the effect of the impurity atom on the iron 
hyperfine field shows an oscillatory behavior as a function of 

the distance between the iron atom and its subsequent shells 
of neighbors. These oscillations are known as Friedel oscil
lations and are similar to the RKKY oscillations. 

Because the unit cell of the Nd2Fe17_xAl
x 

solid solu
tions expands with increasing aluminum content, the iron
iron bond distances increase, as shown in Fig. 12, an increase 
which is especially pronounced for the 6c-6c and 6c-18f 
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bond distances. As a consequence, the average distance be
tween an iron atom and its subsequent neighbor shells in
creases, as is shown in Fig. 13 for the 6c iron site in 
Nd2Fe17, Nd2Fe13Al4 , and Nd2Fe8Al9 • Simultaneously, the 
wavelength of the Friedel oscillation increases with alumi
num content and, hence, the ratio of the wavelength to the 
shell distance may become more favorable for ferromagnetic 
exchange. Therefore, it is possible that the contribution to the 
hyperfine field of aluminum in the second shell, between 4 
and 4.5 A, becomes more positive with increasing x and 
results in a decrease in AH, see Fig. 10. This would also 
account for the increase observed in the Curie temperature 
for x values between O and 4. However, the situation is more 
complex in view of the recent results obtained12•30 for 
Nd2Fe17_xSix and Ce2Fe17_xSix . These results indicate that 
increasing x leads to an increase in the Curie temperature, as 
in the Nd2Fe17 _xAlx solid solutions. However, in the two 
silicon solid solutions, this Curie temperature increase is ac
companied by a decrease in the unit cell volume rather than 
by an increase, as in the aluminum solid solutions. 

In a more recent study of iron-aluminum alloys, with an 
aluminum content of 27%, Fultz et al. 31 have used a different
approach to fit the Mossbauer spectra of these alloys. In their 
model, AH varies with the number of aluminum near neigh
bors in the first shell, and the effect of the subsequent shells 
is not taken into account. For one aluminum near neighbor, 
AH is -15 kOe and increases up to 50 kOe for the sixth 
aluminum near neighbor in the first shell. 

Thus, it is difficult to interpret the compositional depen
dence of H max and AH shown in Fig. 10, because clearly the 
aluminum dependence, especially in AH, may be inherent in 
the model used to fit the data. More elaborate models includ
ing the second near-neighbor shell or a variable AH, could 
be used but are very difficult to implement because of the 
complexity of the Nd2Fe1 ?-xAlx crystallographic structure. 
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