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The magnetic properties of a series of,Eg,_,Al, solid solutions withx equal to 0.00, 0.88, 2.06,

2.81, 3.98, 5.15, 6.08, 7.21, 8.20, 9.08, 9.84, and 10.62 have been studied by magnetic
measurements, neutron diffraction, andSdbauer spectroscopy. The compounds crystallize in the
rhombohedral Ti¢Zn,type structure. Magnetization studies indicate that the Curie temperature
increases uniformly from 238 K for GEe,; to 384 K for CeFe;,Al; and then decreases at higher
aluminum content. Powder neutron diffraction results, obtained at 295 K, indicate that aluminum
avoids the 9 site for allx values and preferentially occupies théhlddte at low aluminum content.
Aluminum shows a marked preference for thesite forx>6. The room-temperature iron magnetic
moments increase from=0 to 2 and then decrease for-2. The Mmssbauer spectra have been fit

with a binomial distribution of the near-neighbor environments in terms of a maximum hyperfine
field, Hpax for an iron with zero aluminum near neighbors, and a decremental fiéfd,per
aluminum near neighbor. The compositional dependence of the decremental field indicates the
influence of aluminum on the long-range magnetic ordering in the compound. The compositional
dependence of the weighted average maximum hyperfine fields and the weighted average isomer
shifts in CeFe;;_,Al, may be understood in terms of a mixing of thé Gonduction band electrons

with the 3p valence band electrons of aluminum, a mixing which is more extensive than that
associated with silicon in the Glee;;_, Si, solid solutions. We conclude that this mixing has a larger
influence on the magnetic properties of these solid solutions than does the presence of a short
iron—iron bond or the expansion or contraction of the lattice parameters and unit cell
volume. © 1996 American Institute of Physids$0021-8979(96)00804-8]

I. INTRODUCTION these compounds, for instance by sintering, is difficult. An
alternative route to increased bond distances, and hence
Iron-based compounds with the rhombohedra}Zify;  Curie temperatures, is to force the lattice to expand by re-
structure have high saturation magnetizatibnsnfortu-  placing iron by an element with a larger metallic radius, such
nately, the relatively low Curie temperatures and low mag-as gallium or aluminunf.
netocrystalline anisotropies of tH&Fe;; compounds make Cerium, the least expensive of all the rare-earth ele-
them less attractive for applications as permanent magnehents, when present in the trivalent state, can give rise to
materials. The low Curie temperatures are usually attributedare-earth anisotropies much larger than those of the other
to negative exchange interactions between iron atoms situare-earth elemerftin intermetallic compounds. However,
ated at very short distances from each ofrEne interstitial  cerium has a tendency to be close to tetravéleien com-
insertion of nitrogefand carboft® into the R,Fe;; structure  bined with 3 metals, a tendency which limits the applica-
produces considerable improvement in the hard magnetiton of most cerium-based intermetallic compounds as per-
properties of the binary compounds. In the interstitial com-manent magnetic materials. We have previously repdrted
pounds, the iron—iron distances are increased as comparedttat an improvement in the Glee;; magnetic properties can
those found in the binary compounds, an increase which sulise brought about by the substitution of a nonmagnetic atom,
stantially increases their Curie temperatures. Unfortunatelysuch as silicon, a substitution which expandsdtexis, con-
although these interstitial compounds appear to be promisinggacts thea axis, and contracts thecé-6¢ iron—iron dis-
permanent magnetic materials, they are thermodynamicalltance. The increase in the Curie temperature gF€g upon
unstable and decompose into rare-earth nitrides or carbidesibstitution of silicon for iron provides direct evidence that
and a-iron at high temperatures. Thus, the processing othe expansion of the unit cell volume and the-@c iron—
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TABLE I. The lattice and positional parameters, site occupancies, and magnetic momenjsep, GAl, as measured by neutron diffraction at 295 K.
X, refined 0.00 0.88 2.06 2.81 3.98 5.15 6.08 7.21 8.20 9.08 9.84 10.62
a, A 84921(2) 85394(3) 85725(4) 8.6104(2) 8.6447(4) 867652 87151(4) 8.7595(3) 8.8019(3) 8.8392(3) 8.8847(5  8.9281(8)
c, A 12.4060(3) 12.4664(4) 12.5145(6) 12.5752(3) 12.6265(6) 12.6685(4) 12.7094(6) 12.7476(5) 12.7810(5) 12.8393(5) 12.9192(8) 12.9812(13)
cla 14609(1) 1.4599(1) 14598(1) 1.4605(1) 1.4606(1) 1.4601(1) 14583(1) 1.4553(1) 14521(1) 1.4525(1) 1.4541(2)  1.4540(3)
v, A3 774.81(6)  787.27(8) 796.45(1)  807.41(6) 817.17(1)  825.93(6) 835.99(1)  847.07(9) 857.53(9)  868.76(9) 883.19(15)  896.09(25)
Ce, &, z 0.3441(5) 0.3425(8) 0.3397(9 0.3420(6) 0.3440(8) 0.3446(5) 0.3453(6) 0.3454(5) 0.3479(4) 0.3472(4) 0.3464(6) 0.3441(9)
Fe/Al, 6c, 2 0.0970(2) 0.0963(3) 0.0969(4) 0.0963(2) 0.0964(4) 0.0970(3) 0.0976(4) 0.0997(3) 0.1031(4) 0.1036(5) 0.1061(7) 0.1038(11
Fe/Al, 18f, x 0.2905(1) 0.2908(2) 0.2913(3) 0.2897(2) 0.2893(3) 0.2886(2) 02877(3) 0.2882(2) 02885(2) 0.2898(3) 0.2896(4)  0.2916(6)
FelAl, 180, x 0.1678(1) 0.1683(2) 0.1687(2) 0.1692(22) 0.1696(2) 0.1699(2) 0.1697(2) 0.1691(2) 0.1677(2) 0.1680(2) 0.1681(3)  0.169 1(4)
Fe/Al, 18n, z 0.4883(1) 0.4875(2) 04876(2) 04887(2) 0.4890(3) 04894(2) 04889(2) 04899(2) 04907(2) 0.4905(4) 0.4894(2)  0.4908(4)
% Al, 6¢ 0.0 42 8.4 11.4 222 28.7 37.7 59.9 83.8 91.6 96.4 100
% Al, 9d 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

% Al, 18f 0.0 2.8 8.6 11.8 18.8 31.8 40.0 53.8 66.2 74.6 79.0 84.0
% Al, 18h 0.0 10.4 23.0 31.2 40.2 44.0 48.6 46.4 420 46.0 52.8 59.8
R-factor 5.05 5.93 6.49 5.66 6.33 5.59 8.81 6.01 6.74 6.26 8.74 11.4
R,-factor 7.11 7.04 7.73 7.52 7.41 7.45 11.10 7.92 8.50 8.24 11.0 15.7
Ri-factor 4.37 6.84 7.33 7.42 5.73 12.50

» 2,91 2.23 3.70 3.98 2.34 2.78 3.66 2.87 2.68 3.53 3.61 7.37
Ure, 6C, up 0.0 1.2(2) 1.8(2) 1.6(2) 1.1(2) 0.9(47 0.3 0.0 0.0 0.0 0.0 0.0

ure, 9d, pg 0.0 1.4(3) 1.8(2) 1.5(4) 1.5(3) 0.9(47 0. 0.0 0.0 0.0 0.0 0.0

e, 18f, ug 0.0 1.1(3) 1.5(2) 1.3(2) 0.7(3) 0.9(47 0.3 0.0 0.0 0.0 0.0 0.0

tre, 18N, ug 0.0 1.0(3) 1.0(2) 1.23) 0.8(3) 0.9(47 0.3 0.0 0.0 0.0 0.0 0.0

e, WL AVQ., g 0.0 1.1(3) 1.4(2) 1.4(3) 1.03) 0.9(4) 0.3 0.0 0.0 0.0 0.0 0.0

w, formula, ug 0.0 183 215 19.2 125 10.7 3.3 0.0 0.0 0.0 0.0 0.0

4n this compound the individual iron site magnetic moments could not be refined independently.
®In this compound the free refinement of the iron site magnetic moments was not stable and the value shown was obtained by an iterative refinement.

iron distance are not the only factors involved in improvingwith a wavelength of 1.4783 A. The data for each sample
the magnetic properties of the rare-earth permanent magnetsere collected at 295 K betweer 2ngles of 5° and 105° on
As a continuing part of the investigation of the effect of approximately 2 g ofinely powdered sample placed in a thin
nonmagnetic substitutional atoms on the microscopic propwall vanadium container. Refinements of the neutron diffrac-
erties ofR,Fe;; compounds we present herein the results oftion data were carried out with the FULLPROF cbdehich
magnetic measurements, and neutron diffraction angermits multiple phase refinement as well as magnetic struc-
Mossbauer spectral studies of the,Eg,_,Al, solid solu- ture refinement of coexisting phases, and refinement con-
tions. straints which were the same as those used in our earlier
work 911

The Massbauer spectra were obtained on a constant-
acceleration spectrometer which utilized a room-temperature

The samples were prepared from 99.9% pure element$iodium matrix cobalt-57 source and was calibrated at room
by arc melting in an argon atmosphere. After arc melting, theemperature witha-iron foil. The Massbauer absorbers,
samples were wrapped in tantalum foil and were vacuunwhich were ~30 mg/cnf, were prepared from powdered
annealed in quartz tubes at 1170 K for two weeks. Theisamples which had been sieved to a 0.045 mm or smaller
purities and structures were investigated by powder x-rayarticle diameter. The resulting spectra have been fit as dis-
diffraction with ClK,, radiation on a Philips PW 1800/10 cussed below and elsewh&rand the estimated errors are
x-ray diffractometer equipped with a single-crystal mono-+2 kOe for the maximum hyperfine fieldsi,, .., and the
chromator. The C#e;_,Al, solid solutions were found to decremental fieldsAH, and +0.01 mm/s for the isomer
contain at most a few percent afiron as an impurity phase. shifts, 5. The hyperfine parameters for theiron phase were
The magnetic measurements were performed on field-coolegbnstrained to their known values.
free particle samples in a superconducting quantum interfer-
ence devicg SQUID) magnetometer between 5 and 350 K Ill. RESULTS
and on a Faraday magnetometer between 350 and 1000 K. The results of the refinement of the powder neutron dif-
The Curie temperatures were determined in a magnetic fielttaction patterns for C&e;_,Al, with refinedx values of
of 0.1 T by plotting the magnetization versus temperatured.0, 0.88, 2.06, 2.81, 3.98, 5.15, 6.08, 7.21, 8.20, 9.08, 9.84,
and extrapolating the steepest part of the curve to zero magnd 10.62 are given in Table |. The neutron-diffraction de-
netization. The values are believed to be accurate30K.  rived unit cell parameters for the ¢ee;_,Al, solid solu-
Values of the saturation magnetization at 5 K were obtainedions agree very well with those measured for the same
from the magnetic isotherms by extrapolating thi€1/B) samples by x-ray diffractiohAs shown in Fig. 1, the lengths
curves to 1/B=0. of thea andc axes increase witk, with slopes of 0.039 and

The powder neutron diffraction patterns were obtained).049 A per aluminum, respectively, values which are notice-
by using a linear position sensitive detector and neutrongbly larger than the increases obseR/éd® in

Il. EXPERIMENTAL METHODS

3146 J. Appl. Phys., Vol. 79, No. 6, 15 March 1996 Mishra et al.
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FIG. 1. The 295 K lattice parameters for the ,Eq; ,Al,,
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Nd,Fe; _,Al,, ThFe, ,Al,, and CeFe;_,Si., the latter

123

M, and

0.108

0.108 |-

o

-

o

&
T

0.102

0.100 |-

Fe/Al 6¢c, z Positional Parameter
o
o
O
[+
T

0.096 |

0.094 L. L 1 | T L "
-1 0 1 2 3 4 5 6 7 8 9 10 M
Aluminum Content, x

FIG. 3. The Fe/Al &, z positional parameter for the gee;_,Al, solid
solutions as a function of aluminum content.

value of —1.7 A3 per silicon observetin CeFe;;_,Si, . All
of these values, except for the latter, are larger than the 7.2
A3 per nitrogen increase foutftfor the unit cell volume of

of which is shown for comparison in Fig. 1. The tendency ofNd,Fe,,; upon nitrogenation to form N&e, N, 4.

cerium to remain close to the tetravalent staiben forming

Even though the lattice parameters and unit cell volume

a compound with the transition metals leads to smaller unibf the CeFe;;_,Al, solid solutions increase linearly with
cell volumes for the Cg-e;;_,Al, solid solutions than for increasing aluminum content, the positional paramefses
Nd,Fe;;_,Al, and ThFe;_,Al, but larger volumes than for Table |) do not remain constant, or change linearly, with the
CeFe;_,Sis (see Fig. 2 The unit cell volume shows a exception of the Fe/Al 18 z parameter, which increases
linear increase of 10.7 #per aluminum, an increase which [inearly with aluminum content with a slope of %10 per

is greater than the increase of 8.3 and 9.30pér aluminum  aluminum. Indeed, as shown in Fig. 3, the Fe/Al & posi-
observed®® in Nd,Fe;;_,Al, and ThFe,_,Al, and the

900
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820

Unit Cell Volume, A3

800

780

760

FIG. 2. The 295 K unit cell volume for the Gee,; ,Al,,
CeFe;_,Si, @, solid solutions as a function of.
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tion remains relatively constant below=6 and then in-
creases substantially, whereas the Fe/Al,28 and Fe/Al
18h, x positions show a broad minimum and maximum, re-
spectively, centered at~6. Very similar trends with alumi-
num content are also obser¢édn Nd,Fe;;_,Al,, but the
trend$ in CeFe,_,Si, are different. These variations are
well in excess of the error associated with these positions,
even though these errors tend to increase with aluminum
content. It should be noted that aluminum has a scattering
length of 0.344% 102 cm which is substantially below the
0.954x10*2 cm length for iron. As a result of this differ-
ence the total unit cell scattering length decreases from
51.6x10% cm for CeFe; to 32.2x10% cm for
CefFe; 37l 062 @and, as a consequence, the errors increase.
The variation in the positional parameters is no doubt a result
of the preferential occupancy pattern of aluminum inksg,

(see Fig. 4, a pattern which changes betweers6 and 7.
Below x=6 aluminum prefers the 18kite and has little ef-
fect on the Fe/Al @, z position and hence the Fe/Al-Fe/Al
6c—6¢ bond distance increases only slightly because of the
c-axis expansiorisee Fig. 5. However, forx>6, aluminum
prefers the Fe 6 and 18 sites and the presence of aluminum
on these sites clearly increases the Fe/Al & position and
thus the Fe/Al-Fe/Al 6—6¢ bond distance. This trend is
also observed, although at larger distances, for the Fe/Al—
Fe/Al 6c—18f bond distance. As may be seen in Fig. 5, all

Mishra et al. 3147
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FIG. 6. The neutron diffraction derived weighted average magnetic moment
and Curie temperature for the §&&,; ,Al, solid solutions as a function of
aluminum content.

that observetf*3 for Nd,Fe,;_,Al, and ThFe,_,Al,. Be-

FIG. 4. The percentage of aluminum found on the four crystallographic ironcause aluminum has a larger metallic radius than iron, it
sites in the Cgre; Al solid solutions as a function of aluminum content. gvoids, at allx values studied, the®site, the site with the

smallest Wigner—Seitz cell volunt&!®~1" For x<6 alumi-
num shows a marked preference for thén ke instead of

the other Fe/Al-Fe/Al bond distances increase approXihe g site, even though thesite has the largest cell vol-
mately linearly withx.

The crystallographic site preference exhibited by alumi-gjta \with as many as three cerium near neighbors. If the

num in CeFe;_Al, (see Fig. 4 and Table s similar to
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FIG. 5. The iron—iron bond lengths in the £e,;_,Al, solid solutions as a
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~ume. However, it should be noted that thénEate is the only

aluminum atoms prefer to associate with the rare earth, as
has been found for Si, this would account for the high alu-
minum occupancy of this site. Aluminum shows an almost
equal preference for thecand 18 site forx<6, and for the
higher values ok, aluminum shows a preference for the 6
site. The structural basis for the site occupancy pattern has
been previously discussEd?®in detail for NdFe;;_,Al, and
ThyFe 7 ,Ga,.

The neutron diffraction results indicate that, as shown in
Fig. 6, the site averaged room temperature iron magnetic
moments in the Cfe,_,Al, solid solutions increase dra-
matically fromx=0 to 2 and then decrease slowly frots2
to 6 and reach zero for>6. The small moments found for
CeFe g gAl g ggare within the uncertainty, one sigma, of zero
and have a minimal effect on the agreement factors. How-
ever, statistical tests do not confirm a nonzero value. In con-
trast, the refinement for Gee;s 1Al gg Yields larger mo-
ments and the agreement factors are slightly, but statistically,
better than with zero moments even when all the remaining
parameters are adjusted. Because the Curie temperature is
very close to room temperature for this compound, the dif-
ference between the neutron diffraction results and thesvio
bauer spectral results may reflect a difference in the ambient
temperature in the two different laboratories. However, it
should be noted that the calculated magnetic scattering inten-
sity for CeFeg 1Al ggis only 1.27% of the total diffracted
intensity, and thus is approaching the limit of detectibility in
a ferromagnetic phase in which the nuclear and magnetic
peaks are coincident. The variation in the ferromagnetic mo-
ments, all of which lie in the basal plane, agrees well, as
expected, with the variation in the Curie temperat(see
Fig. 6).

Mishra et al.



TABLE Il. The Curie temperatures, 5.0 K magnetic moments, and exchang¢han in CeFe,_,Al,. However, electrical resistivity
coupling constants for GBey7 Al measurement$ show that the resistivites of the
CefFe;_,Siy solid solutions are higher than those of the cor-

X Tc, K® uslfu, pg Mre, MB Jrerdks, K . . .
- ° ° responding Cg-e;_,Al, solid solutions and, hence, the

0 238 328 1.93 19 electrons are more localized on the silicon atoms. All of
0.88 290 28.5 1.76 27 th bined effects lead t . i

206 347 2 174 36 ese combined effects lead to an average iron magnetic mo-
281 384 23 161 47 ment which is 0.2ug larger in the CeFe;_,Si, than in
3.98 373 21 1.60 50 CefFe;_ Al solid solutions.
5.14 317 18.5 1.55 49 The temperature dependence of the magnetization of the
6.08 244 15.5 1.40 47 ; ; :
201 137 o Lo7 3 CeFe;_,Al, solid solutions has been reported earfi@he

substitution of aluminum for iron leads to normal ferromag-

A/alues obtained from Ref. 7. netism forx=<7.21 and a maximum Curie temperature of
384 K for x=2.81. The lower Curie temperatures of
CeFe,_,Al,, as compared?®® to those of NdFe,_,Al,

In order to obtain more information on the exchange@nd ThFe;; ,Al,, may be due to the absence of rare-earth—
interactions between the unpaired spins of the magnetic cofon exchange coupling and to the lower average moment
stituents in CeFe;,_ Al , the mean values of the exchange carried by the iron in C#e;;_,Al, and, hence, the lower
coupling constant)gr., have been calculated, as discussedon—iron exchange couplingee Table )i. The absence of a
elsewheré;® through a mean-field analysis of the Curie tem-Magnetic moment on cerium indicates that the cerium—iron
peratures and the saturation magnetizations. Table Il lists th@change does not play any role in determining the Curie
average iron moments derived from the saturation magnet;emperature, in contrast to the case of the heavier rare-earth
zation values. The lower average 5 K iron magnetic moment80lid solutions. For the higher aluminum concentrations of
of ~1.9 to 1.0ug in Ce,Fe, ,Al,, as compared to-2.3u;  X=8.20, 9.84, and 10.62 the magnetization curves show
in a-iron, result from the mixing of the @band of iron with ~ Sharp cuspd suggesting the onset of spin-glass ordering at
the valence band of aluminum. This mixing leads to an in-2bout 48, 32, and 19 K, respectively. This spin-glass order-
crease in the bandwidth of thed@and, an increase which ing, or better cluster glass ordering, arises as a consequence
lowers the iron magnetic moment as a result of the reducef aluminum concentration fluctuatiofis.
exchange splitting of theband. The substitution of alumi- The Mossbauer spectra of the & ;_,Al, solid solu-
num for iron in CeFe;, modifies the density of states at the tions have been measured at 85 and 295 K and reveal details
Fermi level and the position of the Fermi level in the con-Of the influence of aluminum substitution on the magnetic
duction band. First-principles calculatiolswith an or-  properties of Cge;. The Mdssbauer spectra reported
thogonalized linear combination of atomic orbitals in the lo-herein have been fit with a model in which the magnetization
cal spin density approximation, on bik,_,Al, show that and hyperfine field lie in the basal plane of the unit cell.
the aluminum P states are~4.5 eV below the Fermi level Under the combined effect of the magnetic dipole and elec-
and hence mix with the low-lying majority spin states of tric quadrupole interactions, the Msbauer spectra of
iron. These calculations also show that the conduction band=&Fe7_,Al, are composed of seven magnetic components
width is not strongly modified by lattice expansion, that therepresenting the®& 9ds, 9d3, 18f,, 18fg, 18n;,, and 184
exchange splitting between the majority and minority spinmagnetically distinct iron sites. The difference in the hy-
bands increases only slightly with increasing aluminum conferfine fields of the crystallographically equivalent, but mag-
tent, and that the total area below the Fermi level decreaseetically inequivalent, iron sites results from the anisotropic
because of the reduced number of electrons with increasingdipolar and orbital contributions to the hyperfine fiéfBe-
aluminum content. Thus, it is reasonable to expect a similagause the near-neighbor environment of a particular iron site
band structure for the GEe;_,Al, solid solutions as the is influenced by the presence of aluminum, a distribution of
aluminum substitution pattern is simifdr to that in  the hyperfine parameters results at each iron site. By using
Nd,Fe;_,Al,. Electrical resistivity measurements on the aluminum occupancy obtained from the neutron diffrac-
CeFe;_Al, for x=0.0, 0.2, 0.4, 0.88, and 2.06, indicate tion results listed in Table I, the binomial distribution of the
that the resistivity at a given temperature increases with ~ aluminum near neighbors of a specific iron site may be cal-
agreement with the decreasing number of electrons in theulated. Thus in the Mgsbauer spectral fits, the sextet cor-
conduction band and their localization on the aluminum at+esponding to a given crystallographically and magnetically
oms as revealed by the band structure calculatidfs. unique iron site is replaced by several sextets, each resulting

In the absence of band structure calculations on thdrom an iron atom on the site having a different number of
R,Fe;_,Si, solid solutions, only a very qualitative compari- aluminum near neighbors. The hyperfine field is given by
son of the electronic structure of the fe;_,Siy and  H(x,n)=H,(X)—nAH(x), where H,, is the hyperfine
CefFe;_,Al, solid solutions is possible. Because of the lat-field at an iron site which has zero aluminum near neighbors,
tice contraction observédn the CeFej;_,Si, solid solu- and the decremental fieldH, is the decrease in the hyper-
tions, the conduction bandwidth is expected to be slightlyfine field when one near-neighbor iron is replaced by alumi-
larger than in the C#e;_,Al, solid solutions. Because sili- num. In all cases, the distributions of quadrupole interactions
con has one more electron than aluminum, the number adind isomer shifts were ignored and each spectrum was fit
electrons below the Fermi level is larger in £e;_,Si,  with a single linewidth for all components. The linewidth is

J. Appl. Phys., Vol. 79, No. 6, 15 March 1996 Mishra et al. 3149



TABLE Ill. Mo ssbauer spectral parameters fopR2g,_,Al, obtained at 85 K.

Site
Parameter X 6¢C 9dg 9d, 18f,, 18fg 18hy, 18hg Wt. avg. I', mm/s
Hnax (kO€) 0.20 299 245 236 226 258 225 211 232
0.40 304 246 238 234 264 231 217 238
0.60 308 250 245 237 269 233 218 241
0.80 313 249 245 234 270 232 216 240
0.88 308 245 236 236 271 236 204 239
2.06 303 248 243 227 270 228 196 237
2.81 290 237 225 216 256 213 179 220
3.98 276 221 224 200 237 201 159 204
5.15 249 199 187 178 210 187 139 184
7.21 141 104 83 55 124 77 27 78
AH (kOe) 0.20 16 11 10 13 14 19 17 15
0.40 17 11 10 13 14 19 17 15
0.60 17 11 10 13 14 19 17 15
0.80 17 11 10 13 14 19 17 15
0.88 16 11 10 13 14 19 17 14
2.06 15 11 10 12 12 17 15 13
2.81 14 11 10 12 12 17 14 13
3.98 11 10 10 12 12 17 12 12
5.15 11 10 10 11 11 16 12 12
7.21 9 9 9 10 10 15 11 10
8 (mm/s} 0.20 0.20 -0.05 —-0.05 0.00 0.00 -0.01 -0.01 0.00 0.30
0.40 0.20 —-0.05 —-0.05 0.00 0.00 -0.01 -0.01 0.00 0.37
0.60 0.21 -0.05 -0.05 0.02 0.02 -0.01 -0.01 0.01 0.36
0.80 0.20 —-0.04 —-0.04 0.03 0.03 -0.01 -0.01 0.02 0.36
0.88 0.20 -0.03 -0.03 0.04 0.04 0.00 0.00 0.03 0.36
2.06 0.21 -0.02 -0.02 0.04 0.04 0.02 0.02 0.04 0.36
2.81 0.23 -0.01 -0.01 0.07 0.07 0.04 0.04 0.06 0.36
3.98 0.22 0.02 0.02 0.09 0.09 0.06 0.06 0.08 0.44
5.15 0.23 0.02 0.02 0.10 0.10 0.07 0.07 0.09 0.44
7.21 0.30 0.08 0.08 0.20 0.20 0.15 0.15 0.15 0.44
10.62 0.10 0.19 0.12 0.23 0.20 0.32
QS (mm/s) b 0.09 0.04 0.49 0.40 —-0.06 —-0.40 0.47
AEq (mm/s) 10.62 0.48 0.45 0.29 0.24 0.34
aRelative toa-iron foil at 295 K.
"The same values were used for alValues between 0.2 and 7.21.
typically larger than the-0.24 mm/s observed in the-iron The hyperfine parameters resulting from the distribution

foil calibration spectrum, an increase which probably resultdits of the Massbauer spectra of the Fe&,;_,Al, solid so-
from the distributions of the quadrupole interaction and iso4utions, measured at 85 and 295 K, are given in Tables llI
mer shift which were neglected in our fits. and IV, and some of the resulting spectral fits are shown in
In the Mcssbauer spectral fits, each of the seven magFigs. 7 and 8. The 85 K weighted average maximum hyper-
netically inequivalent iron sites is characterized by four hy-fine field, H . (see Table Ill reaches a maximum of 241
perfine parameters, the isomer shét,the quadrupole shift, kOe for CeFe 5 Aly g and decreases by25 kOe per alumi-
QS, the maximum hyperfine fielti ., and the decremental num for higher values ok, a decrease which is due to the
field, AH. Hence there is a maximum of 28 adjustable hy-dilution of the iron magnetic moment by aluminum. The
perfine parameters. However, the isomer shifts of the crys€eFe;_,Al, samples withx equal to 0.0, 0.2, 0.4, 0.6, 0.8,
tallographically equivalent iron sites are constrained to bé.88, 7.21, and 10.62 are paramagnetic at 295 Kkafrdn)
equal, and this constraint reduces the number of adjustable zero and, as a result, these points are omitted from Fig. 9,
parameters to 25. In addition, the seven quadrupole shift vak figure which shows that the maximum f#,,, at 295 K
ues were obtained from fits with seven broadened sextets amtcurs forx=2.81, the same aluminum content which yields
subsequently constrained to these values in the binomial dighe maximum Curie temperature. As is usually observed in
tribution fits. In addition, a linewidth and a total absorption the R,Fe;; compounds? the maximum hyperfine fields in
area were fit, bringing the total number of adjustable param€e,Fe;;_,Al, (see Figs. 9 and l0decrease in the order
eters in the binomial distribution fits to 20. A doublet with an H ,,,{6¢)>H,,(9d)>H,,,(18f )>H,,(18h), the order
area of ~2%—-5% of the total spectral absorption area wasf the decreasing number of iron near neighbors and the
included in all the Mgsbauer spectral fits. This doublet has aorder of the neutron-diffraction determined magnetic mo-
temperature independent quadrupole splitting-df0 mm/s  ments observed in GEe 4 oAl o5 (Se€ Table | and Fig. 4).
and an isomer shift of~—0.08 mm/s at 85 K and-—0.10 The presence of aluminum in the {f£e,_,Al, lattice
mm/s at 295 K. increases all the magnetically distinct iron hyperfine fields
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TABLE IV. Mossbauer spectral parameters forf3;_,Al, obtained at 295 K.

Site
Parameter X 6¢ 9dg 9d, 18f,, 18fg 18h,, 18hg Wt. avg. I', mm/s
H nax (kOe) 2.06 186 136 132 135 160 137 70 135
2.81 199 162 162 141 171 136 123 146
3.98 189 150 128 133 167 116 92 131
5.15 113 104 82 61 96 75 66 80
AH (kOe) 2.06 14 11 10 13 15 16 15 14
281 13 10 9 13 13 16 15 12
3.98 12 9 8 11 12 13 13 10
5.15 11 8 7 13 11 13 12 11
S (mm/s}f 0.20 -0.11 -0.22 -0.12 -0.14 —0.15 0.26
0.40 —-0.10 -0.20 -0.12 -0.13 -0.14 0.26
0.60 —-0.10 —0.20 -0.12 -0.13 -0.14 0.26
0.80 -0.10 -0.20 -0.12 -0.13 —-0.14 0.26
0.88 —0.09 —-0.20 -0.11 —-0.13 —-0.13 0.26
2.06 -0.01 -0.20 -0.20 —-0.05 —-0.05 —-0.16 —-0.16 -0.10 0.32
2.81 0.02 —-0.18 -0.18 —-0.03 —0.03 -0.14 —-0.14 —0.08 0.36
3.98 0.10 -0.15 —0.15 0.00 0.00 —0.07 —0.07 —0.05 0.44
5.15 0.10 -0.13 -0.13 0.08 0.08 -0.10 —-0.10 —-0.02 0.44
7.21 0.10 —0.04 0.07 0.05 0.04 0.26
10.62 0.10 0.06 0.08 0.10 0.08 0.29
QS (mml/s) b 0.09 0.04 0.49 0.40 —0.06 —0.40 0.47
AEq (mm/s) 0.20 0.72 0.69 0.68 0.38 0.60
0.40 0.73 0.70 0.70 0.36 0.60
0.60 0.74 0.70 0.68 0.37 0.60
0.80 0.73 0.70 0.67 0.38 0.60
0.88 0.73 0.71 0.67 0.37 0.60
7.21 0.78 0.67 0.61 0.27 0.52
10.62 0.48 0.40 0.36 0.20 0.32

®Relative toa-iron foil at 295 K.
bThe same values were used for mlvalues between 2.06 and 5.15.

for x<1 and decreases them frr-1 at 85 K &ee Fig. 10). field, but at higher concentrations of aluminum the decrease
The weighted averagél, ., at 85 K for CeFe; ,Al, is  becomes smaller as the more distant aluminum atoms actu-
lower at allx values studied than fdR,Fe;;_,M,, whereR  ally increase the hyperfine field. This behavior may be inter-
is Nd or Tb andM is Al or Gal21318Similarly, the range of preted as arising from the spatial oscillation of the conduc-
magnetic moments at 5 kKsee Table Il)in CeFe;_JAl, is  tion electron polarization resulting from the Ruderman-—
lower than the range measutéd by neutron diffraction at  Kittel-Kasuya—Yosida (RKKY)-type polarization mech-
10 K for the NdFe;;_,Al, and ThFe;,_,Al, solid solutions.  anism?~2°This mechanism produces a spatial oscillation in
The smaller fields observed in &e,;_,Al, may be related the 4 s conduction electron spin density extending from
to the virtually zero magnetic moméntof cerium as com- neighboring solute atoms to the iron, thus changing the
pared to the rather large magnetic mom&mtdof neody- Fermi contact contribution to the iron hyperfine field. The
mium and terbium in Ngre;_,Al, and ThFe,;_,Al,. The decrease ilH in R,Fe;_,Al,, whereR is Ce, Nd, and Tb,
weighted averageH ., of Ce,Fe;_,Al, decreases by 11 is in contrast to the constant value &H with x observed
kOe per aluminum at 85 K betweenvalues of 0.88 and for the CeFe;;_,Si, solid solutions, and shows the presence
3.98. This decrease is expected because of the dilution of thef an enhanced perturbation by aluminum on the long-range
magnetic moments resulting from the substitution of iron bymagnetic interactions in the,Fe;;_,Al, solid solutions. The
aluminum. However, this decrease is larger than the decreastrength of the RKKY interaction is distance dependent and
of ~6 kOe per silicon observédn the CeFe;;_,Si, solid varies as the lattice expands with aluminum substitution in
solutions betweer values of 1 and 3. The larger decrease inCe,Fe;;_,Al, .
Hpmax in the CeFe; Al solid solutions reflects the equally In all the Mossbauer spectral fits the isomer shifts of the
large decrease of the average iron moment, a decrease whictystallographically equivalent iron sites in £e; Al
reduces the on-site iron moment and the concomitant corerere constrained to be equal. As shown in Fig. 12, the four
polarization. individual isomer shifts increase with increasirgand the
The decremental field& H, which are shown at 85 K as weighted average isomer shift increases by 0.016 mm/s per
a function of aluminum content in Fig. 11, decrease by 1.0aluminum at 85 K. At 295 K the equivalent weighted average
kOe per aluminum both at 85 and 295 K. A similar decreaséncrease is 0.029 mm/s. The increase in the isomer shift with
has been observ&d* for Nd,Fe;;_,Al, and ThFe;_,Al,.  aluminum content indicates that there is a decrease in the
This decrease iAH indicates that, at low aluminum content, s-electron density at the iron nuclei. The increase in the iso-
the near-neighbor aluminum atoms reduce the hyperfinener shift with aluminum content results from thel ®and
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FIG. 7. The M@sbauer spectra of the &e,,_,Al, solid solutions obtained  FIG. 8. The Mssbauer spectra of the e ,_,Al, solid solutions obtained
at 85 K. at 295 K.

mixing with the aluminum P valence band, a consequent son, the 85 K isomer shift of GEe; is 0.016 mm/s, as
3d—4s intratomic iron electronic redistributioff, >and an  calculated from the extrapolated values of the isomer shifts
additional screening of thes4electrons. The observed in- in the CeFe ;_,Al, solid solutions as a function of their unit
creases in the weighted average isomer shifts are muatell volumes. The greater value of the isomer shift in
smaller than the increases expected from the calcdfatedNd,Fe;,, which has a unit cell volume-3% larger than that
transfer of 1.8 electrons from iron to an aluminum nearof CeFe;;, demonstrates the sensitivity of the isomer shift to
neighbor. This reduction indicates that some of the assumghe unit cell volume.

tions made in the calculations may be over simplified. The  The second order Doppler shifts indicate that the average
isomer shift? of Nd,Fe,;is 0.061 mm/s at 85 K. In compari- effective recoil mass of iron in the gfee;;_,Al, solid solu-
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%87 FIG. 11. The decremental hyperfine field, at 85 K for the four iron sites

in the CgFey;_,Al, solid solutions as a function of aluminum content.
tions range from~65 to 80 g/mol, generally increasing with
increasing aluminum contefit. These values are somewhat
lower than the valués of ~80-90 g/mol found for
CefFe;_,Siy, indicating an increased covalency of the iron—
silicon bonding over that of the iron—aluminum bonding, an
increase which agrees with the relative bond distances.

temperature of Cfe,Al; as compared to GEe,Si;. A
comparison of the unit cell volumes of &e,_,Al, and
CefFe;_,Si, (see Fig. 2 indicates, in agreement with the
above conclusion, that the volume of the unit cell does not
play a major role in determining the Curie temperature be-
cause an increase in the Curie temperature gF&e_,Si,
IV. DISCUSSION occurs with increasing, even though its unit cell contracts.
The results obtained in this investigation are interestingfThe expansion of the axis in R,Fe;_(M,, whereR is
because they help to elucidate the origin of the Curie temcerium and neodymium anll is aluminuni? or silicon;***
perature enhancement observed in several series &fems at first to be one of the factors responsible for the
R.Fe;;_ M, compounds, wher# is Al, Ga, or Si. increased Curie temperature of these compounds; however,
The Curie temperatures of the,Fe;;_,M, solid solu- the rate of expansion of theaxes of~0.02 A per silicon in
tions, whereR is Ce, Nd, or Th, and/ is Al, Ga, or Sireach Ce&Fe;_,Si, is smaller than the rate of expansion-60.05
a maximuni21824for x values of~3—4. The lower iron A per aluminum in CgFe; ,Al,. Thus, the different de-
magnetic moments in GEe, /Al ; give rise to the lower Curie grees of mixing of the iron @ band with the solute valence
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band is most likely responsible for the difference in the Curiebetween Cg-e;;_,Al, and CeFe;;_,Si,, although changes
temperatures of the Glee;;_,Al, and CeFe;_,Si, solid so-  in the third shell, between 5.2 and 5.7 A, could be more
lutions. important. From Fig. 1@) it is clear that the center of grav-
The decrease iAH with aluminum content results from ity of the third shell & bond distances increase in going
the RKKY conduction electron polarization arising from iron from CefFe;; to CeFe Al;, whereas little analogous shift is
atoms at a greater distance than the nearest neighbor antiserved in going from GEe; to CeFe,Si; [see Fig.
involving mainly the iron 4 conduction band electrons as 13(b)].
modified by the presence of aluminum. The decreaskHn The increase in the isomer shifts observed in
with increasing aluminum content, indicating the presence o€eFe;;_,Al, and CgFe;,_,Si, can be decompos&t®into
a long-range magnetic influence of aluminum involume and chemical contributions. The volume term can be
CefFe, JAly, is apparently reduced in @ee;_,Si,, in  calculated from the variation of the logarithm of the volume
which AH is independeritof silicon content. In an earlier with x in both CeFe;;_,Al, and CeFe;;_,Si,, for 0=<x<3
article!® we have discussed the hyperfine field behavior inand the variation of the weighted average isomer shift with
the NdFe;;_,Al, solid solutions in terms of the variation of the logarithm of the volume;-1.95 mm/s, observed for
the distance to and the number of iron atoms in the variou&d,Fe; under high pressure. From the increase of the
near-neighbor shells. Because the decreagkHnwith alu-  weighted average isomer shifts reported here for
minum content is the largest for the &ite, as shown in Fig. Ce)Fe;;_,Al, and observetifor Ce,Fe;;_,Si,, the chemical
11 and Table IIl, we compare the same variations for the 6 contribution can be estimated to b€.004 mm/s per alumi-
site in CeFe;; and CegFe,Al; in Fig. 13a) and for CgFe;;  num and+0.028 mm/s per silicon, respectively. This differ-
and CegFe;,Siz in Fig. 13b). Only the iron atoms have been ence indicates that different mechanisms are responsible for
included in Fig. 13 because, presumably, the cerium and aluhe observed increase in the isomer shift in aluminum and
minum do not contribute to conduction electron polarization.silicon substituted C#e;; compounds. Any change in the
It is clear that opposite changes are observed in the two partselectron charge density at the nucleus brings about a
of Fig. 13. It seems unlikely to us that changes in the firsttchange in the isomer shift. In e ;_, Al, this occurs be-
near-neighbor shell, between 2.4 and 2.8 A, or in the secondause of an increase in the &lectron density resulting from
shell, between 4.1 and 4.3 A, can account for the differencéhe band mixing with the aluminum valence band, producing
3154
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