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Cubic La(Fe„A1~ )» intermetallic compounds can be stabilized with iron concentration x be-
tween 0.46 and 0.92 in the NaZn»-type structure (D23) with Fm3c (O~) space-group symmetry.
Here the Fe-Fe coordination number can increase up to 12. At low x values, a mictomagnetic re-
gime occurs with distinct cusps in the ac susceptibility. With the increase of the iron concentration,
a soft ferromagnetic phase is found which at lower temperatures shows anisotropy effects related to
reentrant mictomagnetic behavior. Finally, for x &0.86, antiferromagnetic order appears along
with a sharp metamagnetic transition in external fields of a few teslas. The saturation magnetic mo-
ment increases linearly with x from 1.4p~/Fe to 2.1p~/Fe throughout the ferromagnetic and anti-
ferromagnetic regime. The breakdown of long-range ferromagnetic order at high x values can be
explained by modifications of the iron moment and their coupling at a large Fe-Fe coordination
number. However, with application of a magnetic field, the ferromagnetic state can be fully
recovered. The room-temperature resistivity decreases with increasing x from 200 to 160 pQ cm.
The low-temperature slope dp/dT is related to the magnetic order, being negative in the antifer-
romagnetic state and positive in the ferromagnetic state. The metamagnetic transition causes a de-

crease of the resistivity of about 20% and a sign change in dp/dT. This behavior is discussed in
terms of the two-current model. The thermal expansion exhibits a strong Invar character and is
described by a combined band and local-moment model which allows calculations of corresponding
magnetovolume coupling constants. The metamagnetic transition causes a large magnetic striction.

I. INTRODUCTION

Recently we have succeeded in fabricating several cubic
NaZn&3-type (D23) pseudobinary compounds of the for-
mula La(Fe„Si~ „)~3 and La(Fe„A1& „)». We previously
reported results for the former compound, which exists in
the small x range between 0.81 and 0.88.' Here we found
the Invar characteristic that the Curie temperature de-
creases with. increasing iron moment. Also we observed a
strong critical behavior in the temperature dependence of
the magnetization, susceptibility, and resistivity. The fer-
romagnetic state had a susceptibility critical exponent cor-
responding to the value for a three-dimensional Heisen-
berg ferromagnet.

We now present ac susceptibility, magnetization, elec-
trical resistivity, and magnetostriction measurements of
La(Fe„A1& „)~3, which can be stabilized over a much
larger x range, between x=0.46 and x=0.92. Here we
observe with increasing iron concentration mictomagnetic,
ferromagnetic, and antiferromagnetic regimes, respective-
ly. Furthermore, it is possible to recover the full fer-
romagnetic state from the antiferromagnetic state by ap-
plying a magnetic field of a few teslas, i.e., a metamagnet-
ic transition. Thus we can investigate the behavior of the
electrical resistivity and spontaneous magnetostriction of
an intermetallic compound either in the antiferromagnetic
or ferromagnetic state by means of a magnetic field.
Mossbauer spectroscopy shows a continuously increasing
effective hyperfine field at the iron nucleus for

0.54&x &0.85.
The La(Fe„A1, „)&3 system can be compared to

Fe„A1& „(Refs. 4 and 5) at low x values, and a number
of similarities exist in the magnetic behavior. An ex-
tremely interesting extension occurs at the high x values.
In Fe„A1~ ~ the Fe-Fe coordination number can be in-
creased up to 8. However, La(Fe„A1~ „)~3 is one of the
few iron-based systems in which the Fe-Fe coordination
number can increase up to 12 without being troubled by
structural (martensitic) phase transformations. For this
system we observe the breakdown of long-range ferromag-
netic order at large Fe-Fe coordination numbers. From
our measurements we can track the formation of the Fe
magnetic moments with increasing x and determine the
complete magnetic phase diagram. In addition we have
studied the magnetic field, temperature, and iron concen-
tration dependence of the metamagnetic transition. This
spin-flip transition is rather unique for cubic intermetallic
compounds, since it is very sharp, occurs at low fields,
and exhibits large hysteresis effects.

In Sec. II we give the experimental details of our sam-
ple preparation and measuring techniques. Section III
contains the experimental results. In Sec. IV these results
are discussed and compared with other Fe-based systems,
and finally the main conclusions are presented in Sec. V.

II. EXPERIMENTAL PROCEDURES
The La(Fe„A1~ „)~3 samples were prepared by arc

melting in an atmosphere of ultrapure argon gas. The
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purities of the three starting elements were all better than
99.9%. After repeated arc melting the samples were an-
nealed for about 10 days at 900'C. X-ray diffraction
analysis showed that single-phase samples of the Nazn~3
type of structure were obtained in the concentration re-
gion between x =0.46 and 0.92.

The low-field ac susceptibility was measured by means
of a sensitive mutual inductance technique operating at a
frequency of 118 Hz with a driving field of less than 0.1

mT. The temperature was varied stepwise and determined
to within 0.2% by means of calibrated carbon-glass and
platinum resistors. The samples were spark cut from the
bulk into perfect spheres. Magnetization was measured
using a vibrating sample magnetometer operating at a fre-
quency of 21 Hz. Magnetic fields up to 5 T were pro-
duced by a superconducting solenoid. The high-field
(35 T) magnetization experiments were performed at 4.2
K in the high-field magnet at Amsterdam.

The resistivity between 4 and 300 K was measured by
means of a standard four-point probe technique with a dc
current of 10 mA. The resistivity samples were spark cut
from the bulk and had typical dimensions of 1 X 1 X 15
mm . The electrical leads were attached with silver paint.
The temperature was increased stepwise and determined
to within 0.2%%uo again using calibrated carbon-glass and
platinum resistors. A constant dc field up to 7 T could be
applied by means of a superconducting solenoid perpen-
dicular to the measuring current. The relative accuracy of
the resistivity was about 1 part in 10 and the error in the
absolute value was about 3% due to uncertainties in the
sample dimensions.

Thermal-expansion measurements were carried out. be-
tween 6 and 300 K by means of a three-terminal capaci-
tance technique, using a dilatometer similar to that
described by Brandli and Griessen. The samples were
spark cut from the bulk and had typical dimensions of
4X4X4 mm . The temperature was increased in steps of
10 K in a continuous flow cryostat and determined with a
calibrated constant linear temperature sensor to better
than 0.2 K. The length changes were measured relative to
Berylco 25 out of which the dilatometer was constructed.
Corrections for the length changes of the dilatometer were
made by measuring the thermal expansion of 99.999% Cu
of the same dimensions and comparing the results with
the thermal-expansion data of Cu given by Hahn. Mag-
netostriction at 4.2 and 77 K was measured by immersing
the dilatometer in liquid helium or nitrogen. This cryo-
stat was then placed inside another one containing a 12-T
superconducting solenoid. The magnetic field was varied
in small steps and a correction for the dielectrical con-
stant of helium or nitrogen was taken into account.

III. EXPERIMENTAL RESULTS

A. Zero-field measurements

The magnetic phase diagram for La(Fe„A1~ „)~3 can be
divided into three x regimes as distinguished by the
behavior of the ac susceptibility, resistivity, and magneti-
zation. In Fig. 1 we show a typical example for the sus-
ceptibility of each regime. The susceptibility is plotted in
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FIG. 1. Temperature dependence of the low-field ac suscepti-

bility for the three regimes of La(Fe„A1& „)&3. (a) In regime I,
we show a typical mictomagnetic behavior; (b) in regime II, a
ferromagnetic transition; (c) in regime III, an antiferromagnetic
one. The inset in (b) shows the low-temperature deviations from
the soft ferromagnetic state. Note the different g scales.

units of the inverse demagnetizing factor D '
(D =4m/3

for a sphere), thus yielding 1.00 for a soft ferromagnet. In
the first regime (I), 0.46&x &0.62, the behavior of the
susceptibihty is characterized by a sharp cusp at about 50
K, indicative of mictomagnetism (i.e., a random freezing
of ferromagnetic clusters). Figure l(a) shows the suscepti-
bility of a x =0.58 sample along with the inverse suscepti-
bility. The large positive Curie-gneiss temperature inter-
cept, 0=+ 110 K, indicates the presence of predominant-
ly ferromagnetic exchange interactions. Deviations from
Curie-Weiss behavior start from 230 K which is about 5
times the freezing temperature, Tf ——44. 5 K. The suscep-
tibility increases rapidly with increasing x, reaching
0.25% of D ' at Tf for x =0.46, 1.1% for x =0.54, and
14% for x =0.58, respectively.

The susceptibility in the second regime (II),
0.62 & x &0.86, exhibits soft ferromagnetic behavior. The
Curie temperature first increases with x up to a maximum
Tc ——250 K for x=0.75 and then decreases. At lower
temperatures the susceptibility deviates from the inverse
demagnetizing factor D limit [see inset of Fig. 1(b)].
These deviations are the smallest for the samples with the
highest Tc. This means that the soft ferromagnetic state
is being destroyed and a reentrant mictomagnetic state is
probably appearing. In a small interval, 0.84&x &0.86,
a slight hysteresis has been observed at high temperatures.
Here the susceptibility above Tc behaves differently when
heating and cooling. Yet both curves yield the same T~,
which is defined in Fig. 1(b) as the intercept of the two
straight lines extrapolated from just above and below Tc.

In the third regime (III), 0.86&x &0.92, the suscepti-
bility has an antiferromagnetic character. The broad
maximum in the susceptibility for. all samples is about
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10% of D '. Only at the concentration limit x=0.92
does the susceptibility obtain a value of about 80% of
D '. This is probably due to a second phase that has
been observed at the grain boundaries and in the x-ray
spectrum and probably consists of pure a(bcc)-Fe. The
Neel temperatures, defined as the maximum in
d(TX)/dT, increase with increasing x. Here also hys-
teresis at high temperatures has been observed in the lim-
ited concentration region 0.91 &x & 0.92.

The temperature dependence of the total resistivity is
displayed in Fig. 2 for typical examples of all three re-
gimes. The general trend is that the room-temperature
resistance decreases from 200 pQ cm for x =0.58 down to
157 pQcm for x =0.91. In regime I we observe a nega-
tive dp/dT at low temperatures. The slope increase". with
increasing x but remains negative up to the low x part of
regime II. For x =0.73 the relative change in resistance
between helium and room temperature is less than 0.3%.
For x &0.77 the slope dp/dT is positive. In regime III
dp/dT becomes negative again.

Large anomalies in the resistance are observed around
- the magnetic ordering temperatures. In order to elucidate
these anomalies we have plotted dp/dT versus T in Fig.
3. In the mictomagnetic regime (I) no anomaly is ob-
served around T/. In the ferromagnetic regime (II) a neg-
ative cusp develops around T& and increases in magnitude
with increasing x until a sharp minimum is reached for
x=0.84. The ferromagnetic x=0.86 sample deviates
from all other concentrations by having a A,-shaped anom-
aly. Finally in the antiferromagnetic regime (III) a sharp
negative cusp is found again.

Figure 4 shows the spontaneous volume magnetostric-
tion co, =b, V/V=361/l versus the temperature ( T) and
the reduced temperature (T/Tc). Three samples were
measured in the ferromagnetic regime (II) and one in the
antiferromagnetic regime (III). The spontaneous volume
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FIG. 3. Temperature derivative of electrical resistivity
dp/dT vs temperature for La(Fe„A11 „)I3.
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magnetostriction co, is obtained by subtracting a
Griineisen function, defined by the linear high-
temperature (300 K) slope of Al/l, or a, =13X10 K
and a Debye temperature OD ——300 K, from the observed
thermal expansion. ' These values of a, and OD seem to
be appropriate for all samples. The always-negative slope
of the magnetic co„shown in Fig. 4, clearly indicates the
Invar character of the I.a(Fe„Al& „)&3 intermetallic com-
pounds. For x =0.65 a zero total thermal-expansion coef-
ficient a, =l 'dl/dT has been found at 140 K, and for
the other three samples this takes place at about 240 K.
Usually, the negative magnetic thermal-expansion coeffi-
cient is related to the increase of the magnetic correlation
function as the temperature is lowered. " This also seems
to occur in the antiferromagnetic region. Figure 4 further
shows that the magnetic moments originate far above Tc.
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FIG. 2. Zero-field electrical resistivity p vs temperature for
La{Pe„Al~ „)$3 The arrows indicate the magnetic ordering
temperatures.
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FIG. 4. Spontaneous volume magnetostriction cu, vs tempera-

ture T and reduced temperature T/T~.



31 MICTOMAGNETIC ~ . ~ TRANSITIONS IN La{Fe Al] )]3 . 4625

B. Field measurements 2.5

In Fig. 5 we show the field dependences of the magneti-
zation at 4.2 K. In the first regime, 0.46&x &0.62, it
was not possible to saturate the magnetization in fields up
to 5 T and an "S-shaped" M Hc-urve was found, typical
of the mictomagnetic state. Regime II, 0.62 &x &0.86,
exhibits a soft ferromagnetic state with a remanent mag-
netization less than 1% of the saturation magnetization.
In the third regime, 0.86 &x & 0.92, the magnetization in-
creases only slowly with increasing field until at moderate
fields a sharp spin-flip transition is found to the fully sa-
turated (2.2@~/Fe) moment. This transition takes place
within 1 mT, which is our measuring accuracy.

Figure 5(c) exhibits the measured magnetization curves
for x =0.88 as a typical example for the third regime.
All samples were cooled in zero field to helium tempera-
ture and then the magnetic field was increased. The
spin-flip field at x =0.88 and 4.2 K, measured with in-
creasing field, is 3.88 T, but only 0.61 T with decreasing
field. The width of the hysteresis loop decreases with in-
creasing temperature. The metamagnetic transition fields
increase with increasing x up to 13.5 T for x =0.92 and
the hysteresis width becomes larger with increasing x.

Figure 6 shows the saturation moments per Fe atom of
all three regimes. The magnetic moment increases linear-
ly with x in regimes II and III having a slope of
0.24@~/Fe resulting in 2.4p, ~/Fe for the hypothetical
compound LaFei3. In regime I there are deviations from
this line because it is not possible to saturate the magneti-
zation in fields up to 5 T. In regime II the magnetization
is saturated in fields directly above the demagnetizing
field and no increase of the magnetization is observed in
fields up to 20 T. For regime III we have determined the
saturation magnetic moments in fields above the spin-flip
field.

In Fig. 7 we show the resistivity of a x =0.88 sample in
a field of 4.76 T, along with the zero-field resistance as a
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FIG. 6. Saturation magnetic moments of La(Fe„Al~ )l3 as
a function of x.

typical example of the antiferromagnetic regime (III).
Upon applying a field at helium temperature, the resistivi-
ty p(H) first decreases at a rate 1 pQcm/T and at the
spin-flip transition there is a hp of 20 pQcm for the
x=0.88 sample. Thus, there is a total decrease of the
resistivity in a field of 4.76 T of about 17%. Further-
more, the negative dp/dT in zero field becomes positive
beyond the spin-flip field. Above T~ there is no observ-
able field dependence of the resistivity. The magnetoresis-
tance of the spin-flipped antiferromagnetic samples (III) is
quite similar to the zero-field resistance of the ferromag-
netic samples (II). Samples in the ferromagnetic regime
(II) do not show pronounced changes upon applying a
magnetic field.

In order to further elucidate the anomalies around T&,
we have plotted dp/dT versus T for both zero field and a
4.8-T field in Fig. 8. In both cases a sharp negative peak
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FIG. 5. Magnetization as a function of magnetic field for the
three regimes of La(Fe Al~ „)~3 at helium temperature. In Re-
gime I we show the behavior of a. mictomagnet; in regime II, of
a ferromagnet; and in regime III we show the rnetamagnetic
behavior of the antiferrornagnetic regime for an x =0.88 sam-
ple.
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FIG. 7. Electrical resistivity p vs temperature for an antifer-
romagnetic La(Fe„All „)~3 sample (x =0.88) in zero field and
in a field H =4.76 T greater than the spin-flip field H,~. The
inset shows the ratio p(4 K)/p(300 K) vs iron concentration x.
FM indicates the ferromagnetic or induced ferromagnetic state
and AF the antiferromagnetic ground state.
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FIG. 8.. Temperature derivative dp/dT vs temperature for an
antiferromagnetic La(Fe„A1~ „)~3 sample (x=0.88) in zero
field and in a field H =4.76 T (H & H, f).

is found at T~. In regime III we have used exactly this
criterion to define T~. The theoretical T~ definition,
namely the maximum in d(XT) IdT, is not as well defined
because the zero-field susceptibility in this regime shows a
rather smooth transition. Figure 8 also illustrates that the
magnetic ordering temperature T& increases 14 K by ap-
plying a field of 4.76 T. In both curves there is a second
anomaly above T~ whose origin is not clear. This anoma-
ly also shifts in temperature upon applying a field.

In Fig. 9 we display the magnetostrictive effects of a
x =0.89 sample at 4.2 K. The behavior of the other sam-
ples in the antiferromagnetic regime (III) is analogous.
Up to the spin-flip transition the relative volume change
cof is rather small (cof =6&(10 ). At the spin-flip transi-
tion there is a huge magnetic expansion (co =+ 1)& 10 ).f
Upon decreasing the field the same hysteresis loop is fol-
1owed, as has been observed with the magnetization [see
Fig. 5(c)]. The nonreversibility at low fields is due to the

appearance of visible cracks in the sample. To reduce this
irreversibility the sample can be previously cycled at heli-
um temperature in a magnetic field before cof versus H is
measured. At 77 K the magnitude of the expansion at the
spin-flip transition decreased to cd ——+7.2X 10 and the
hysteresis width decreased from 3.5 T at 4.2 K to 0.5 T at
77 K.

IV. DISCUSSION

A. Crystal structure, composition, and stability

La(Fe„Ali „)i3 has the cubic NaZni3 (D23) structure
6with I'm3c (Oi, ) space-group symmetry. In the hypothet-

ical compound LaFei3 the Fe atoms occupy two different
sites Fe and Fe", in a ratio 1:12. In Wijckoff notation
these sites are designated by the symbols 8(b) and 96(i),
each unit cell comprising 8 formula units LaFe . The La

I
e a

and Fe atoms from a CsCl (B2) structure. Additionally
the La atoms are surrounded by a polyhedron of 24 Fe"
atoms. The Fe atoms are surrounded by an icosahedronI

of 12 Fe" atoms and the Fe" atoms are surrounded by 9
nearest Fe atoms and 1 Fe atom, see Fig. 10 and inset ofII I

Fig. 11. This Fe'-Fe" distance (d), being only 2% shorter
than the Fe -Fe distance, decreases, as does the latticeII II

parameter (a), linearly with x from 2.510 A for x =0.46
to 2.431 A for x=0.92. This behavior for d and a is
shown in Fig. 11.

The heat of alloying between La and Fe is positive be-
cause there exist no stable La-Fe intermetallics. Thus a
minimum amount of Al is required to create a negative
heat of formation and a pseudobinary compound can be
stabilized with a suitable structure to accomodate the
a omic radii of all three constituents. When substituting
Al for Fe, the NaZn&3 structure is adopted in the concen-
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FIG. 9. Forced volume magnetostriction cof ——hV/V as a
function of magnetic field for an antiferromagnetic
La(Fe„Al~ „)~3 sample (x =0.89) at helium temperature.

FIG. 10. The z=0 plane of the hypothetical compound
LaFe&3. Fe' is denoted by ~ and Fe" by O. The complete iron
sublattice can be obtained by cubic symmetry. The La atoms
occupy the ( 4, 4, 4 ) sites plus their symmetry operations. The
solid lines on the right-hand side of the figure connect the
6X4=24 nearest neighbors of La, and on the left-hand side
they connect the 3&(4=12 nearest neighbors of Fe'. One unit
cell contains 8 formula units.
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FIG. 11. Dependence of the lattice constant a on Fe concen-

tration in La(Fe„A1~ „)~3. The right-hand scale refers to the
distance d between the Fe' and Fe" atoms. The inset shows a
projection along the c axis for a part of the NaZn&3-type unit

cell.

tration region 0.46&x &0.92. By substituting Si for Fe,
this stable concentration region is much smaller, viz. ,
0.8 &x &0.9.' When the Al concentration becomes too
large, another structure, LaFe4Als, is favored. On the
low-Al-concentration side the compound is not stable
with respect to pure u-Fe; LaFe~3 does not exist. On the
other hand, the heat of alloying for La and Co is already
negative since the intermetallic compound LaCo~3 (Curie
temperature Tc ——1290 K) and several other La„Co~ in-
termetallics do exist. ' For La(Co„Si~ «)~3 the NaZn~3
structure is stable for 0.8 &x & 1.0. For La-Ni intermetal-
lics almost the same situation occurs as for La-Fe.
LaNi~3 is not stable and no intermetallics are found be-
tween pure Ni and the Haucke-phase LaNi5. Here also,
substitution of Ni by Al or Si is required to stabilize the
Nazn~3 structure.

The occupation of the Fe' and Fe" sites by Fe and Al
does not proceed in a random way. Neutron scattering
experiments on La(Fe„A1& „)&3 samples with x=0.69
and 0.91 indicated that the Fe site is fully occupied by
Fe.' Thus a considerable amount of Fe atoms will have a
fcc-like local environment with 12 nearest neighbors. The
Fe' sites are distributed randomly by the remainder of the
Fe and Al atoms. This means that the mean Fe-Fe coor-
dination number for both Fe and Fe" sites can vary from
4.8 for x =0.46 to 9.4 for x =0.92.

La(Fe„A1~ „)&3 is constructed from the magnetic order-
ing temperatures and displayed in Fig. 12.

For x &0.75 there are striking similarities between
La(Fe„A1~ „)~3 and Fe„A1~ „. Although the crystal
structure is different, they both are cubic. Furthermore,
we find a mictomagnetic phase in La(Fe„A1~ „)&3 for
x & 0.6, whereas Fe„Al~ also has a mictomagnetic
phase for x &0.73. This means that both compounds be-
come mictomagnetic when the average number of
nearest-neighbor Fe atoms is less than 6.0, even though
the local environments of the Fe atoms and the lattice pa-
rameters are different. Recently, a semiquantitative
model has been proposed for the phase diagram of
Fe„A1~ „. We believe that the main ideas of this model
are also applicable to La(Fe„A1~ )&3. Here it was pro-
posed that mictomagnetic behavior arises by virtue of
competition between a nearest-neighbor Fe-Fe ferromag-
netic exchange and a further-neighbor Fe-Al-Fe antifer-
romagnetic superexchange. With such coupling the mag-
netic moments will be frozen-in below the freezing tem-
perature T~ in random orientations without long-range
ferromagnetic or antiferromagnetic order, i.e., a. mic-
tomagnetic cusp appears in the low-field susceptibility.
Short-range ferromagnetic order (clustering) causes the
deviations from Curie-Weiss behavior up to 5 "rf and the
large positive Curie-Weiss temperature 0=+110 K. It
has been shown in Fe„Al~ that the magnetic moment
of Fe is strongly dependent upon the number of nearest-
neighbor (NN) Fe atoms. ' In Fe„Al& „ the moment is
about 2.2@~ for Fe atoms having more than five NN Fe
atoms. When the number of NN Fe atoms is less than
five, the magnetic moment decreases and is zero when this
number is less than four. Thus, by decreasing the iron
concentration, more and more iron atoms will loose their
magnetic moment, thereby decreasing the number of both
ferromagnetic and antiferromagnetic interactions, and
eventually leading to Pauli paramagnetism. For
La(Fe~ „Al„)~3 this model explains the decrease in the
magnitude of the susceptibility at Ty with decreasing x as
well as the behavior of the saturation magnetic moments
versus x illustrated in Fig. 6.

Upon increasing the iron concentration above x =0.6,

300
~ (F x&'t-x),

B. Magnetic properties

The magnetic phase diagram of La(Fe~A1~ )&3 can be
constructed from the results of the susceptibility, resistivi-

ty, and magnetization experiments. The first regime (I),
0.46&x &0.62, consists of a mictomagnetic state with a
distinct cusp in the ac susceptibility and an S-shaped
magnetization curve. Upon increasing the iron concentra-
tion x, we find a soft ferromagnetic state in regime II,
0.62 &x & 0.86. Finally, at the highest iron concentration,
0.86&x &0.92, an antiferromagnetic state exists, with a
sharp metamagnetic transition in a magnetic field of a
few teslas. The experimental phase diagram of

100—
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m I CtQ—
magnetism

l

0.6 0.8 1.0

FIG. 12. Magnetic phase diagram of La(Fe„A1& „)». The
cusp temperature is indicated by 4, the Curie temperature by
0, and the Weel temperatures by H.
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long-range ferromagnetic order is found. Here the Curie
temperature increases with increasing x because the num-
ber of NN ferromagnetic exchange pairs increases at the
cost of the antiferromagnetic superexchange, and because
the lattice parameter decreases. The latter argument is
supported by hyperfine-field and saturation magnetization
measurements, ' and recent neutron scattering experi-
ments on a variety of Fe-based alloys. ' These measure-
ments showed that in our range of Fe-Fe distances the ex-
change constant is positive and increases with decreasing
Fe-Fe distance. This result is consistent with the higher
Tc values of La(Fe„Si~ „)I3compared to La(Fe„A1I „)I3
as the lattice parameter of the former compound is small-
er. ' However, upon increasing the iron concentration
above x =0.75, the Curie temperature begins to decrease
and for x &0.86 antiferromagnetic order appears. This
unexpected collapse of long-range ferromagnetic order
with increasing iron concentration has long been studied
in connection with y-Fe (fcc) and Fe„NiI „alloys in the
Invar region (fcc, x =0.65).

Calculations within the Hartree-Fock approximation
(HFA) for the impurity states in ferromagnetic transition
metals show that an Fe impurity in a ferromagnetic host
has two stable solutions, crucially depending on the local
environment. ' One solution, Fe(I), corresponds to a mag-
netic moment m&, parallel to the bulk magnetization. The
other solution, Fe(II), represents a magnetic moment m»
antiparallel to the bulk (host) magnetization. The ratio of
Fe(I) to Fe(II), which depends on the local environment,
can be determined by minimizing the total energy. ' This
model has been extended to concentrated alloys and it has
been argued that when the iron concentration increases
beyond a certain limit, the Fe(II) solution becomes stabi-
lized. ' Furthermore, it was suggested that even when a
small fraction of the atomic moments is antiparallel to the
magnetization, the ferromagnetic state can be unstable. '

However, it is not clear what the resulting magnetic
ground state will be in such an alloy after the collapse of
long-range ferromagnetic order. Many years ago Weiss
introduced a two-level model for y-Fe, based on low-
temperature measurements. Here there is a low-volume,
low-magnetic moment (0.5@~/Fe) antiferromagnetic
ground state, and a thermally excited upper level with a
high-volume and high magnetic moment (2.8@~/Fe) fer-
romagnetic state. This model is in many respects similar
to the results obtained by the HFA calculations. Unfor-
tunately, fcc-Fe only exists, under normal pressures, at
high temperatures where no long-range order of the mag-
netic moments occurs. Nevertheless, this model was used
by other authors in order to explain the magnetic behavior
of Fe-Ni Invar alloys. ' Neutron scattering experiments
on such alloys have revealed a negative Fe-Fe exchange
constant, but an antiferromagnetic state has not been
found due to an y ~a martensitic-crystallographic
transformation. This antiferromagnetic state has indeed
been found, in Fe-Ni-Mn alloys where the @~a martensi-
tic transition can be suppressed.

We believe that the collapse of long-range ferromagnet-
ic order in La(Fe„A1I „)I3 at the highest iron concentra-
tion, 0.86&x &0.92, is of the same origin as in Fe-Ni,
Fe-Ni-Mn, and y-Fe. In this concentration range a con-

siderable portion of Fe sites has a Fe-Fe coordination
number approaching 12, and a considerable number of
Fe" sites up to 10. Here, at these high coordination num-
bers, the Fe(II) state becomes stabilized and when a finite
fraction Fe atoms occupies this state, the ferromagnetic
order collapses. However, for La(Fe„A1I )I3 the fer-
romagnetic state can be recovered by app1ying a magnetic
field.

It was suggested that the instability of the Fe(I) state
originates in iron-rich environments, before the collapse of
long-range ferromagnetic order. ' Furthermore, this in-
stability of the ferromagnetic state should be accompanied
by fluctuations of the now weakly coupled magnetic mo-
ments. Then, near the critical concentration, these fluc-
tuations must be taken into account, and cause the Fe mo-
ments to form a low-temperature asperomagnetic state,
i.e., disordered, noncollinear ferromagnetic state. ' This
corresponds with the decrease of the low-field susceptibili-
ty from D ' at low temperature for 0.81 &x &0.86 [see
inset of Fig. 1(b)].

Although the magnetic structure of the antiferromag-
netic phase has not yet been investigated, we expect that
due to the random occupation of the Fe ' sites by Fe and
Al, a highly inhomogeneous magnetic state originates
with ferromagnetic iron-poor clusters coupled antifer-
romagnetically by iron-rich clusters. It can be inferred
from the extremely large resistivity that the antiferromag-
netic state is highly disordered. By increasing the mag-
netic field, the Fe(I) state is favored, thereby further in-
creasing the internal field. As soon as the internal field
passes a critical value, a sharp spin flip is observed in
which all moments are orientated along the field axis.

The linear decrease of the saturation magnetic moment
with decreasing iron concentration down to 1.35p~/Fe
remains rather peculiar (see Fig. 6). Notwithstanding, the
saturation moments of La(Fe„SiI „)I3 also lie along this
line. Only for low concentrations of nonmagnetic ele-
ments dissolved in Fe is a linear decrease of the magnetic
moment of Fe observed and explained within the rigid-
band model. However, without detailed band-structure
calculations for our compounds, we cannot say if the as-
sumptions of this model are in agreement with the real
band structure over such a large x region of compounds.

C. Electrical resistivity

The main features of the electrical resistivity of
La(Fe„A1I „)» are (i) the resistivity is large
( & 150 pQ cm), (ii) in region III (antiferromagnetic order-
ing) a negative dp/dT is found over the whole tempera-
ture range, and (iii) critical effects are observed around the
transition temperature.

The large resistance suggests that Mooij's rule may be
applied which describes the effects of various types of dis-
order on the electrical resistivity of transition-metal al-
loys. This rule states that in a wide T range around room
temperature, the temperature dependence of p is approxi-
mately linear with a temperature coefficient
o,„=—p dp/dT which is small and changes its sign sys-
tematically from positive in alloys with p & 100 pQ cm to
negative for p ~ 200 p, Q cm.
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In the first two regimes (I and II), x &0.86, this rule
seems to hold. With increasing p the temperature coeffi-
cient a„decreases and dp/dT changes from positive for
p~190 pQcm to negative for p~190 pQcm. However,
in the third regime (III) the room-temperature resistance
(160 pQ cm) is less than in the first two regimes, and yet a
negative dp/dT is found here. We have keep in mind
that although Mooij's rule does not explicitly treat mag-
netic scattering, it should still be valid in the paramagnet-
ic high-temperature range. We have investigated two
samples in this range up to 700 K and found a, = 83 ppm
K ', p= 182 pQ cm for x =0.84 and a, =154 ppm K
p=163 pQcm for x=0.91, in agreement with Mooij's
rule. In addition we found no indication of saturation in

p( T) at high temperatures.
La(Fe,A1)i3 enables us to measure the electrical resis-

tivity in the antiferromagnetic ground state as well as in
the field-induced ferromagnetic state. In Fig. 7 the exper-
imental results are shown. They may be explained by us-
ing the two-current model. For a full description of the
validity and range of this model we refer to Dorleijn and
Campbell and Pert. This model considers transition
metals which are magnetic, e.g., Fe, Co, and Ni. In a fer-
romagnetic metal it is appropriate to distinguish the elec-
trons according to the direction of their magnetic mo-
ment, viz. , either parallel or antiparallel to the magnetiza-
tion within a domain. We indicate the charge carriers
with magnetic moment parallel to the magnetization with
"up" or ), and those antiparallel with "down" or g. As
was suggested by Mott, scattering events with conserva-
tion of spin direction are much more probable at low tem-
perature (i.e., T« Tc) than scattering events in which the
spin direction is changed. Mott's suggestions lead to a
description of the conduction by two independent currents
in parallel. Since the Fermi surfaces for & and ~ electrons
can be very different there is no reason to assume equal
relaxation times or conductivities for the two spin
currents. Indeed, a different resistance has been found for
the two spin currents in Al dissolved in Fe, p, =48
pQcm/at. % Al and p, =5.6 pQcm/at. % Al. If we
adopt the above values for LaFeI3, instead of pure Fe, we
can calculate the excess resistivity of the antiferromagnet
relative to ferromagnet. When replacing 10% of Fe in
LaFei3 by Al, La(Feo 9Alo i) i3, the above-mentioned
model gives a magnetic contribution to the resistance in
the ferromagnetic state of

p=- =50 pQcm .P~Pt

p~+p~

However, if the ground state changes from ferromagnetic
to antiferromagnetic, both currents will be scattered
equally and the magnetic contribution to the resistivity is

p= —,
'

(p, +p, )= 134 pQ cm,

since both currents have the same average resistivity

2 (p, +p, ). This leads to an increased resistivity of 84
pQcm in the antiferromagnetic state relative to the fer-
romagnetic state. We emphasize that our assumptions are
oversimplified and that the numerical estimate is only a
rough one, since we used the values of Al dissolved in Fe

instead of Al dissolved in LaFei3. Nevertheless, this
model can lead to a basic understanding of the observed
phenomena.

Experimentally we find a decrease in resistivity of 25
pQcm when applying a field and thereby changing the
antiferromagnetic ground state into an induced ferromag-
netic state. Upon increasing the temperature, more
thermal excitations will be activated, tending to equalize
both currents and above T~ only a paramagnetic scatter-
ing is left. Our measurements indicate that the magnitude
of the paramagnetic spin-disorder scattering lies in be-
tween the values for the ferromagnetic and antiferromag-
netic scattering. This leads to a positive dp/dT for the
induced ferromagnetic state and a negative dp/dT for the
antiferromagnetic ground state. The negative temperature
coefficient indicates that the antiferromagnetic state has a
very unusual, highly resistive property.

Similar behavior has been observed in
Feo&(Ni„Mni „)o5 that can likewise change from fer-
romagnetic to antiferromagnetism by varying x. Here
also, dp/dT is smaller in the antiferromagnetic state than
in the ferromagnetic state. However, dp/dT is positive in
both states, indicating that the paramagnetic scattering is
stronger than the scattering in both long-range ordered
states.

Upon increasing the Al concentration the two-current
model leads to an increase in resistivity as observed. At
the highest Al concentrations, i.e., in the mictomagnetic
state, a similar discussion as given above leads again to a
negative dp/dT as has been observed.

The critical behavior of the resistivity denoted as the
third feature above displays a sharp negative peak in
dp/dT for the entire ferromagnetic and antiferromagnetic
region, except for the borderline case x =0.86, which has
a A,-shaped anomaly. The total resistivity consists of three
parts: a residual part, a part due to phonon scattering, and
a part due to spin scattering. This means that the
anomalies near T~ must be ascribed to spin scattering and
phonon scattering as affected by magnetic strictive ef-
fects.

de Gennes and Friedel, ' Kim, and Fisher and
Langer have calculated the critical behavior of the resis-
tivity of a ferromagnet in terms of spin fiuctuations. Al-
though the results differ in some respects from each other,
they all found a positive peak in dp/dT near Tz. Ap-
parently this is not the case in La(Fe„Ali „)i3, except for
the x=0.86 sample. In the x=0.86 case a remarkable
resemblance is found with other ferromagnets such as Ni,
GdNi2, etc. This means that for all other concentrations
this positive peak, due to spin fluctuations, must be
overwhelmed by another contribution.

Because of the absence of such a A,-shaped peak in the
ferromagnet Fe3Pt, Viard and Gaviolle suggested that the
critical scattering of conduction electrons by phonons
must be taken into account. They calculated the phonon
contribution for Fe3pt and found a negative peak for
dp/dT near Tc arising from the anomalous behavior of
the bulk modulus. Since Fe3Pt and La(Fe„Ali „)i3 both
have Invar characteristics (see Sec. IVD), we expect that
the behavior of the bulk modulus is roughly similar.
Thus we propose that an anomalous decrease of the bulk
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modulus below Tc leads to the observed negative peaks in
dp/dT around Tc in La(Fe„A1& „)~3. We note that the
Curie temperature does not correspond with the tempera-
ture at which the peak is observed but always is a bit
higher.

Beginning with Suezaki and Mori many authors
have calculated the critical behavior of the electrical resis-
tivity of antiferromagnetic metals near Tz. All calcula-
tions suggested a large negative peak at T& due to scatter-
ing of the conduction electrons by thermal fluctuations of
spins. This is in agreement with the observed behavior of
La(Fe„A1~ „)~3 with x &0.86. This negative peak might
even be enhanced by the aforementioned critical behavior
of the phonon scattering.

D. Spontaneous and forced magnetostriction

The Invar effect has attracted a wealth of interest from
both experimentalists and theorists. The archetypical
example is Fe„Ni

& „(x=0.65 ), which has a zero
thermal-expansion coefficient around room temperature.
For La(Fe„A1& „)~3 we find a zero thermal-expansion
coefficient a, at 240 K for samples near the instability of
long-range ferromagnetic order (x =0.81, 0.86, and 0.89).
The Invar effect has been explained by a cancellation of
the lattice thermal expansion a& by a negative magnetic
term cxm.

'

One of the first Invar theories was proposed by Weiss
(see Sec. IVB). He suggested a local-moment model with
two nearly degenerate states for the Fe atoms, viz. , a fer-
romagnetic ground state and an antiferromagnetic excited
state. The latter is characterized by a lower magnetic mo-
ment and a smaller atomic volume. By raising the tem-
perature an increasing number of iron atoms will occupy
the low-volume excited state, leading to a negative a
However, when applied to La(Fe„A1& „)~3, this model
cannot account for the behavior of the x=0.89 sample,
which already has an antiferromagnetic ground state and
yet am is negative.

A more general local-moment volume rnagnetostriction
theory was developed by Callen and Callen. They
showed that the spontaneous volume rnagnetostriction
co, =b, V/V is given by the two-spin correlation function
(m; m, ) as

~o, = g ~C„,(m;.m, ),
where K is the compressibility, C~„a magnetovolume cou-
pling constant, and i,j are the lattice sites. This magneto-
volume effect arises from the volume dependence of the
exchange integral.

More recently the magnetovolume effect was studied by
extending the Stoner band model with volume-dependent
terms. This leads to a phenomenological relation, veri-
fied for a number of materials:"'

co, =a.Cb,„og m; ( T)

where Cb,„d is the magnetovolume coupling constant due
to the band mechanism and m;(T) is the temperature-
dependent local moment on site i as discussed by Shiga, 4

and not the bulk magnetization M(T). Here, the magne-
tovolume effect can be understood in terms of the increase
of the kinetic energy of the electron system due to the
splitting of the 3d band. The repulsion arises because the
electron system can reduce its kinetic energy by undergo-
ing a lattice expansion.

In order to explain the magnetostriction results of
La(Fe„A1~ „)~3, we must consider both a local moment
and a band part, by adding both contributions. Below
the Curie temperature, in the ferromagnetic state,
(m; m~) and m; can be approximated by M and this
leads to the relation

co, ( T) =~(CI„+Cb,„d )M ( T) .

If we compare the saturation magnetization of
La(Fe„A1~ „)&3 (beyond the spin-flip transition for
x =0.89) with the magnetic contribution of the thermal
expansion at helium temperature, we find large positive
magnetovolume coupling constants aC=~(C&„+Cb,„d)
=1.79, 1.71, and 1.73&&10 cm /emu for x=0.81,
0.86, and 0.89, respectively. This result, along with the
observed resistivity behavior, suggests the equivalence of
the ferromagnetic and induced ferromagnetic state. For
x =0.65, near the mictomagnetic regime, we find an even
larger constant aC=2. 09&& 10 cm /emu . These values
are about twice as large as for bcc Fe, FeNi Invar, and
F Pt 41,42

From these measurements we cannot say whether the
band or the local-moment contribution is larger. Shiga
calculated that for bcc Fe and FeNi-Invar alloys the band

- contribution is much larger than the local-moment part at
low temperatures: Cb,„d »C&„. Furthermore, self-
consisting spin-polarized energy-band calculatlons43 have
shown that hypothetical nonmagnetic bcc Fe is about 3%
smaller than for ferromagnetic Fe. This conclusion was
confirmed by analysis of Fe-based binary compounds.
This value is very close to the value co, =2. 34%%uo we ob-
served for La(Fe„A1~ „)» and thus favors Shiga's calcu-
lations.

We can estimate the local-moment and band contribu-
tion to the thermal expansion for La(Fe„A1& „)~3 by
analyzing the spontaneous and forced rnagnetostriction of
the x=0.89 sample at helium temperature (see Figs. 4
and 9). Here we assume that the spin-spin correlation
function in the antiferromagnetic ground state
(m;.mj)= —m;, and that the local moments do not2

change when the 3d band is polarized. Then we can cal-
culate from co, = + 1.34% in the anti ferromagnetic
ground state and co, =+2.34%%uo, M = 165 emu/g in the in-
duced ferromagnetic state, that KCb,„d——+2.75 &( 10
cm /emu and KC~, ———1.00)& 10 cm /emu . This
means that KC=+1.75&& 10 cm /emu for the induced
ferromagnetic state and aC= —1.00X10 cm /emu in
the antiferrornagnetic ground state. The value of
(m;.mz ) is clearly overestimated because of the threefold
symmetry of the cubic NaZn&3 structure. A correction
leads to an increase of the absolute value of KC&„and
KCb,„d. An increase of the local moment at the spin-Aip
transition also leads to an increase of the absolute value of
KC)~ and KCband.

The increase of the volume magnetostriction co, from
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280 K downwards Inust, in our interpretation, be mainly
ascribed to the increase of the local moments with de-
creasing temperature. It can be inferred from Fig. 4 that
the magnetic contribution to the thermal expansion scales
with T and not with T/Tc. Thus, the local moments
start to increase or even to form from 250 K downwards,
independent of the concentration x. However, the mag-
netic ordering temperatures show a pronounced minimum
in this concentration regime (0.81 &x &0.89). We believe
that the minimum in magnetic ordering temperatures can
be attributed to the frustration produced by the positive
and negative exchange interactions. " This is in contrast
to FeNi Invar, where it was argued that the minimum in
Curie temperatures at the borderline concentration for in-
stability of long-range ferromagnetism is due to the
suppression of spin fluctuations. In spin-fluctuation
theory Tc is proportional to g( Tc)=co, ( Tc) /—co, (0) and in
FeNi Invar this parameter g(Tc) has a minimum in the
instability regime. However, one can easily see from
Fig. 4 that g(Tc) has maximum in the instability regime
for La(Fe„A1~ „)~3 (x =0.86).

V. CONCLUSIONS

We have determined the complete magnetic phase dia-
gram for La(Fe„Al& „)~3, consisting of a mictomagnetic,
ferromagnetic, and antiferromagnetic regime. The fer-
romagnetic state is unstable with respect to Fe-Al-Fe su-
perexchange in the low-iron-concentration regime, leading
to mictomagnetism, and with respect to direct antifer-
romagnetic exchange in the high-iron-concentration re-
gime, leading to an antiferromagnetic ground state. The
existence of the antiferromagnetic state is authenticated
by ac susceptibility measurements, by the metamagnetic
transitions, and by extra lines in the neutron diffraction
line pattern relative to the pattern of the ferromagnetic
state. This unexpected occurrence of the antiferromagnet-
ic state is explained in terms of the special crystal struc-
ture, which permits a large Fe-Fe coordination number up
to 12 at small distances. Such a large Fe-Fe coordination
number is only found in fcc Fe, which also is antifer-
romagnetic. In La(Fe„A1~ „)~3 the ferromagnetic state
can be recovered from the antiferromagnetic state by ap-
plying a field of a few teslas.

The room-temperature resistivity decreases with in-
creasing iron concentration because of the decreasing po-
tential scattering. The behavior of the low-temperature

resistivity is explained in terms of the two-current model
with different conductivities for the two spin currents.
This model leads to an excess resistivity for the antifer-
romagnetic state relative to the ferromagnetic state, and
explains the observed decrease of 17% of the resistivity at
the spin-flip transition. This model also explains the de-
crease of the resistivity temperature coefficient a„with in-
creasing spin disorder, resulting in a positive coefficient
o,„ for the ferromagnetic state and a negative coefficient
a„ for the antiferromagnetic and mictomagnetic state.
The anomalous critical behavior of the resistivity is as-
cribed to the lattice softening near the Curie temperature
associated with the Invar effect as proposed for Fe3Pt by
Viard and Ciavoille.

The spontaneous and forced volume magnetostriction
are explained through a phenomenological relation be-
tween the relative volume change and the magnitude of
the magnetic moments. We interpret the observed magne-
tovolume effects in terms of a local moment and a band
effect and calculate the magnetovolume coupling constant
for both the band and the local moments. This leads to a
large positive value for the former and a negative value
for the latter. The relative volume change co, =2.34% be-
tween 4 and 300 K for La(Feo s9A10»)» is close to the
theoretically expected result between ferromagnetic and
nonmagnetic iron hV/V=3%. " We conclude, from the
deviations from Curie-Weiss behavior in the ac suscepti-
bility below 240 K and from the deviations from the
Cxruneisen function in the thermal expansion below 250
K, that magnetic short-range order sets in below 250 K
and is independent of the magnetic ordering temperature,
which varies from 160 to 250 K.
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