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Abstract 

States of magnetic and compositional order are strongly coupled in many magnetic alloys, with 
Ni-Fe Invar being the most celebrated example. Results of an electronic-based method that 
addresses compositional and magnetic disorder, as well as atomic short-range order and 
energetics are discussed. The approach allows a sy stem-dependent microscopic understanding of 
the interplay of chemical, magnetic, and displacive effects, and a direct comparison to diffuse 
scattering experiments. The discussion will be given in the context of total-energy calculations 
for various magnetic states in chemically disordered and ordered Ni-Fe alloys, emphasizing the 
importance of exchange-splitting, and the implication for the phase stability in Ni-Fe system. 
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Introduction 

Invar alloys, Ni-Fe in particular, have been the most studied magnetic alloys over the last 
hundred years. This is an obvious result of their ubiquitous application in devices (shadow 
masks in televisions, surveying equipment, dimensional stabilizers, low-swelling reactor alloys 
etc.) requiring extremely small tolerances on the low-temperature, thermal expansion, and 
temperature-cycle fatigue. It is the 100th anniversary of the discovery of Invar, and its intriguing 
materials properties, that we come to celebrate (and bemoan!) at this symposium, including the 
subsequent bestowing of the 1920 Noble Prize in Physics to Guillaume. 

The importance of the interplay of magnetism and alloying has long been recognized, and its 
study has been pursued for many years (1,2). The reader is also referred to other papers in this 
volume, as well as the previous Invar TMS symposium in 1989 (3), and the invaluable Honda 
Memorial Series No. 3 (4) which contain a compendium of experiment and theory results. 
Previously, in Ref. (5) ,  we covered a gamut of topics related to first-principles calculations of the 
magnetic and chemical behavior of Ni-Fe alloys versus composition, including many of the 
anomalous properties observed in the Invar region. We showed quantitatively that the anomalous 
behavior of the average moment (Slater-Pauling curve) versus Nickel concentration (or electron- 
per-atom ratio), for example, could be accurately calculated (5,6). We also showed that many of 
other anomalous properties, such as residual resistivity, were readily qualitatively explained (5) .  
Moreover, we determined that within the Invar concentration range at least four magnetic states 
were competing! It is important that a simple explanation b&ed on the underlying electronic 
structure of Ni-Fe alloys emerged from such calculations which showed the importance of the 
interplay of magnetism (or more properly, exchange-splitting) and alloying effects. While many 
of the properties of Ni-Fe were accurately reproduced, the crucial missing quantity was that of 
thermal expansion, because we were (and still are) unable to incorporate the displacement 
fluctuations (thermal phonons) on the same footing as magnetic and compositional fluctuations. 
More recently, along with reproducing much of our previous results (5,6), a possible all- 
electronic cause of the negative thermal expansion coefficient in Ni-Fe has been given via an 
effective Griineisen theory by Abrikosov et al. (7). Yet, this explanation is not definitive because 
the effect of phonons were not considered, i.e. only the electronic part of the Griineisen constant 
was calculated, see Kim et al. (8) for possible effects from both contributions. 

As all these effects, including the thermodynamic behavior and Invar, arise from the interplay of 
magnetism and alloying, it is this topic which will be the guide post for discussion. The four 
main areas we discuss are: 1) magneto-volume effects arise because the magnitude of the local 
Ni and Fe moments in alloy are sensitive to magnetic structure, concentration and volume, and 
much less on chemical arrangement; 2) chemical ordering and structural trends are tied to the 
magnetic behavior; 3) local moments in an alloy are not solely properties of an atom; and 4) the 
connection to the Weiss’ 2-yhypothesis (9). The results will be based on the electronic-structure 
method of Korringa, Kohn and Rostoker (10) in combination with the so-called Coherent- 
Potential Approximation (1 l), when necessary, to handle the chemical and magnetic disorder 
(e.g. (5, 12)) and compositional effects on an equal footing. For these calculations, we modeled 
the potentials within the Atomic Sphere Approximation (ASA), included a maximum angular- 
momentum of L-=2 (i.e. only s-, p- and d-like symmetries), and used an exchange-correlation 
function of von Barth-Hedin, as parameterized by Moruzzi, Janak, and Williams (13). 

Mametism and Alloying 

Evidently because some Invar-type alloys, such as Fe,Pt, are chemically ordered and others, 
such as Ni,,Fe,,, are difficult to order chemically, the Invar effect should not arise due to 
whether a system is chemically ordered or disordered. However, alloying (rather than ordering) 
plays a prominent role. The alloying chemistry and its dependence on the magnetic (local or 
global) exchange-splitting of the constituents leads to most Invar properties (5,14). 

In the case of, say, pure Ni, there is a local exchange-splitting on the atoms giving rise to the 
magnet moment of elemental Ni (at T=O K). When many (non-relativistic) Ni atoms are brought 
together to form FCC Ni, a distribution of electronic states is formed, separated into majority- 



and minority-spin electron contributions. The majority- and minority-spin electrons exhibit the, 
same density of states @OS) only shifted rigidly by the exchange-splitting of Ni, i.e. the so- 
called Stoner behavior; hence the standard band-structure properties of FCC Nickel. 

When two different magnetic atoms (or one magnetic and one non-magnetic) are alloyed, there 
cannot be this rigid exchange-split density of states. We show an example of this in Fig. la,  
which is a diagram representing the microscopic (or spectroscopic) d-electron levels of Ni and Fe 
atoms appropriately exchange-split. In the case of Ni-Fe, the exchange-splitting on Fe is about 3 
times larger than Ni, reflecting the larger magnetic moment of Fe; but, the Ni and Fe d-electron 
levels for the majority-spin electrons are about the same energy. As a result, the majority-spin 
DOS exhibits a 'common band' behavior reflecting that these electrons 'see' little energetic 
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Figure. 1. A schematic representation (a) of the interplay of exchange-splitting of the alloying 

species and alloying (bonding), with the differing exchange-splittings evident. The 
calculated electronic density-of-states (b) for FM, FCC chemically disordered Ni5,Fe5, 
displaying the features portrayed above. The thick curves represent the total DOS per 
spin (Rydbergs units), with the Ni and Fe contributions weighted by composition. 



difference between Ni and Fe sites; whereas the minority-spin DOS show a split-band behavior, 
see Fig. lb. Only when the Fermi energy enters the majority-spin d-states (giving rise to Invar 
behavior) will these electrons play a role in the macroscopic behavior. Thus, the interplay of 
magnetism and chemistry (5,6,12) gives rise to most of the thermodynamic and concentration- 
dependent properties of Ni-Fe! Recently, such an alloying-magnetism effect has been proposed 
as a way to created a spin-triplet-type superconductivity that occurs only in one spin-manifold, 
thereby inhibiting the extinction of the superconductivity due to magnetic fields (15). 

The ferromagnetic DOS states of FCC Ni-Fe given in Fig. lb shows that the majority-spin d- 
electrons cannot contribute to chemical ordering in Ni-rich, Ni-Fe alloys because they are filled. 
In addition, because majority-spin, d-electrons ‘see’ no difference between Ni and Fey there can 
be no driving force for chemical order (5). However, the difference in exchange-splitting of Ni 
and Fe leads to a very different picture for minority-spin d-electrons. The bonding-like states in 
the minority-spin DOS are mostly Ni, whereas the antibonding-like states are predominantly Fe. 
The Fermi level of the electrons are in between these bonding and anti-bonding states and lead to 
the Cu-Au atomic short-range order (5 ,  12) and long-range order found in the region of Ni,,Fe,, 
alloys, shown later. As the Ni concentration is reduced, the minority-spin bonding states are 
slowly depopulated, reducing the stability of the alloy, as we shall see in the heats of formation. 
Ultimately, when enough electrons are removed (more Fe content), the Fermi level must enter the 
majority-spin d-band and the anomalous behavior of Ni-Fe alloys occurs: increase in resistivity 
and specific heat (5, 16), collapse of moments (6), and competing magnetic states (5,14,17). 

Energetics in Ni-Fe Alloys 

In Ref. (5) Fig. 9, the energetics of FCC Ni,,Fe,, was a particular focal point because this alloy 
composition is well within the Invar region, nearing the magnetic collapse and exhibiting the 
infamous negative thermal expansion, and it was shown that four magnetic states (Le., non- 
magnetic (NM), ferromagnetic (FM), paramagnetic (PM), represented by the disordered local 
moment state (DLM), and anti-ferromagnetic (AFM)) were within 1.5 mRy, or 250 K. The 
DLM state is an approximation to the PM state, which has net zero magnetization but local 
moments, as found experimentally (1 8). [The DLM state with its randomly oriented (many anti- 
parallel) moments suggests that a AFM solution with antiparallel moments is possible; note that 
both states have zero magnetization.] The Ni,,Fe,, calculations (5)  were a subset of many that 
were done versus Ni composition and magnetic state. As questions still remain regarding the true 
equilibrium phase diagram of Ni-Fe (3), we have calculated heats of formation or mixing 
energies (19) versus Ni composition for various magnetic FCC and BCC Ni-Fe phases relative 
to pure NM-FCC Fe and €34-FCC Ni. (Here, most of the previous calculations were re-done as 
specified in the Introduction, with environmental-charge correlation effects (20) included). 

The alloy formation energies, AE, , in Fig. 2 are mostly that of the homogeneously, chemically- 
disordered Ni-Fe systems, except for the fully-ordered, FM, L1, (NiFe, and Ni,Fe) and L1, 
(NiFe) FCC alloys, indicated by the downward arrows from the FM-random alloy curve. In 
particular, the metastable FM solution for FCC-Fe (i.e. the intercept of the FM-FCC alloy curve 
at pure Fe) is only given roughly, since the lines are only a fit to the calculated points in Fig. 2. 
The actual intercept would be a little less positive, near DLM-BCC Fe. 

Implications for Ni-Fe Phase Diagram 

Several features of Ni-phase diagram are readily apparent from the AEp Firstly, the Ni-rich FM- 
FCC alloys (i.e., if below a Curie temperature) show a negative BE,, indicating the relative 
stability of the high-T, chemically disordered, FM phase. It was shown in Ref.(5) that the 
ASRO of FM-FCC Ni,,Fe,, was L1,-like, and, as discussed above, a result of the magnetism, 
or, more correctly, the exchange-splitting. Fully-ordered L1,-Ni,Fe, which is in the phase 
diagram (21), is found to lower substantially the calculated AEp At 50% Ni, the chemically 
disordered, FM-FCC alloy is only slightly stable compared to phase-separated FCC endpoints, 
and the FM-BCC alloy. However, AE$ for FM-L1, NiFe is almost as large as FM L1, Ni,Fe, 



because the energy gained upon chemically ordering is larger at 50% Ni. These clearly show, 
compared to FM-BCC Fe and FM-FCC Ni, that there is a miscibility gap in Ni-Fe phase diagram 
between FM-BCC Fe and L1, Ni,Fe, suggested by the dashed lines in Fig. 2. The L1, phase is 
within 2 mRy of the tie line between FM-L1, Ni,Fe and FM-BCC Fey being barely metastable, 
and accessible, as is observed experimentally (3). Even if improved calculations, such as, full- 
potential corrections, and small cla relaxations were to lead to a slightly stable L1, phase, the 
phase perhaps would be very narrow in composition and possibly not stable up to the 
disordering temperature, given that the entropy at this stochiometry is limited by it lack of 
degeneracies, especially in comparison to Ni,Fe stochiometry . 
Chemical and Magnetic Ordering Tendencies 

For the NM-FCC Ni-rich alloys, AE, is positive and convex for all compositions, indicating 
these alloys should cluster. While this argument is not always true (e.g., the Fe-rich, DLM case), 
we have shown that the calculated ASRO for NM-FCC Ni-Fe does indeed show clustering (5). 
This was a consequence of the absence of exchange-splitting in a Stoner paramagnet and filling 
of unfavorable antibonding d-electron states. This, at best, would be a state reflected only at 
extreme temperatures, say near melting. Thermochemical measurements at high temperatures in 
Ni-rich, Ni-Fe alloys appear to support this (22). 

In the past, the NM state has been used as an approximate PM state, and the energy difference 
between the FM and NM state seems to reflect well the observed non-symmetric behavior of the 
Curie temperature versus Ni concentration (as you can see from Fig. 2).  However, this is 
fortuitous agreement, and the lack of exchange-splitting in the NM state actual prohibits ordering. 
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magnetic states, with symbols and notation described in text. For the chemically 
disordered alloys, the results are for the NM (filled triangles), DLM (filled circles), 
FM (filled squares), and BCC FM (open circles). For chemically ordered FCC alloys, 
the results are for FM (open squared). The lines are simple polynomial fits and only 
a guide for the eye. Note that 1 mRy = 158 K = 13.606 meV = 1.313 KJ/mole. 

Figure. 2 The formation (or mixing) energies (in mRy) for FCC and BCC Ni-Fe in various 



As shown in Fig. 2, the PM-DLM state, with its local exchange-splitting on the Fe sites, is lower 
in energy, and therefore a more relevant (but still approximate) PM state. Even in the Invar 
region, where the energy differences are very small, the exchange-splitting has important 
consequences for ordering. 

While the DLM state is much more representative of the PM state, it does not contain any 
magnetic short-range order (MSRO), which does exist above the Curie temperature. This 
shortcoming of the model is relevant because the ASRO calculated from this approximate PM 
state yields very weak ordering (spinodal-ordering temperature below 200 K) for Ni,,Fe,,, 
which is not, however, of L1, type (23). Recall that the ASRO calculated for fully-polarized FM 
Ni,,Fe, is L1,-like (5),  with a spinodal around 475 K, well below the actual chemical-ordering 
temperature of 792 K. Recent diffuse scattering measurements by Jiang et al. (24) find weak 
Ll,-like ASRO in Ni,Fe samples quenched from 1273 K, which is above the Curie temperature 
of 800 IS. So it appears that some degree of magnetic order (both short- or long-range) is 
required for the ASRO to have k=(100) wavevector instabilities (or L1, type chemical ordering 
tendencies). Nonetheless, the local exchange-splitting in the DLM state (5) ,  which exist only on 
the Fe sites (the Ni moments are quenched), does lead to weak ordering, rather than the phase 
separation found when no local exchange-splitting is present in the NM case. 

Importantly, this indicates that sample preparation (whether above or below the Curie point, say) 
and the details of measurement procedure (such as, if data is taken in situ or after quench) play a 
role into what is measured. There are two important time scales to keep in mind: roughly 
speaking, the electron hopping time is seconds, whereas the chemical hopping time (or 
diffusion) is 1 0-3 to Consider diffuse scattering experiments. For samples 
prepared in the Ni-rich alloys but below the Curie point, it is most likely that less of a difference 
would be found from data taken in situ or on quenched samples, because the (global) FM 
exchange-split state has set up the chemical correlations in both cases. On the other hand, in the 
Invar region, the Curie point is much lower than the Ni-rich alloys and is in the two phase 
region. One should then anticipate that samples annealed in the high-T, PM, FCC solid-solution 
phase and then quenched should have (at best) very weak ordering tendencies. The electronic and 
chemical degrees of freedom respond differently to the quench. Jiang et al. (24) have recently 
measured ASRO versus composition in Ni-Fe system using anomalous x-ray scattering 
techniques. They find in the Invar region no evidence for ASRO, and the measured diffuse 
intensity is completely given by staticdisplacement (size-effect) scattering! This is in contrast to 
the 50% and 75% Ni samples annealed closer to, but above, the Curie point and then quenched. 

seconds. 

The calculated ASRO intensities in 35%, 50% and 75% Ni FM alloys are very similar in 
magnitude and show the Cu-Au ordering tendencies (23). Fig. 2 shows the Cu-Au T=O K 
ordering energies are also very similar. While this appears to contradict the experimental 
findings (24), recall that the calculated ASRO for PM-DLM Ni,Fe shows ordering is suppressed, 
and the scattering data obtained from Invar was from a sample quenched farther above the Curie 
temperature. So theory and experiment may then be in agreement: the ASRO is very weak, 
allowing size-effect scattering to dominate. Notably, volume fluctuations (25) and size effects 
(2) have been suggested as being responsible for, or at least contributing to, many of the 
anomalous Invar properties (3,4). In all of our calculations, including the ASRO ones, we have 
ignored lattice distortions and kept an ideal lattice given by only a single lattice parameter. 

Modern anomalous x-ray scattering techniques are able to extract through data analysis rather 
accurate values of the neighbor distance for various pairs of atoms, actually superior to XAFS. 
In fact, Jiang et al. (24) find for the differing alloy compositions in the FCC phase that Ni-Ni 
nearest-neighbor (NN) distance follows a linear concentration dependence (Le., Vegard’s rule), 
Fe-Fe NN distance is almost independent of concentration, and Ni-Fe NN distance is actually 
smaller than that of Ni-Ni. This latter behavior is contrary to hard-sphere packing arguments. 
Basically, Fe-Fe like to have larger ‘local volume’ to increase local moments, and for Ni-Fe pairs 
the bonding is promoted (smaller distance) with a concomitant increase in the local Ni moment. 
Indeed, experiment and our calculations (5 )  find about a 5% increase in the average moment 
upon chemical ordering in Ni,Fe. The small local displacements in the Invar region contribute to 
the diffuse intensity discussed above when the ASRO has been suppressed in the PM phase. 



The BCC Paramagnetic Phase For pure BCC Fe, the PM-DLM state (with 1.93 p,), shown by 
the upward arrow at pure Fe, is 16.2 mRy higher in energy than FM-BCC Fe (with 2.22 p,), 
which roughly reflects the large Curie point of Fe. A Stoner-PM-BCC Fe, which is commonly 
used to estimate the energetics associated with the PM./FM transition in Fe, is actually about 10 
mRy higher in energy than the DLM state (not shown). Thus, some of the discrepancies between 
thermodynamic (like CALPHAD) and electronic-structure estimates of the PM-FM energetics in 
Fe stem from the use of a Stoner model. Of course, a straightforward estimate based on FM- 
DLM BCC Fe energy difference would give a Curie temperature much too high because MSRO 
is neglected. The MSRO should considerably lower the AEf for DLM-BCC Fe. Indeed, the 
Curie temperature calculated based on the energetics of the MSRO in BCC Fe (26) and given by 
the zero of the inverse magnetic susceptibility gives less than 1% error with experiment (27). The 
MSRO then should bring PM-BCC nearer in energy to NM-FCC Fe, allowing for the possibility 
of a gamma-loop. Experimentally, y-Fe has zero moments (28), as calculated for NM Fe. 

Implications for the Martensite 

In the Fe-rich region and at finite temperatures, the solid-solution phase will be that of chemically 
disordered, FM-BCC alloys, as suggested by Fig. 2, being more energetically favorable than 
disordered FCC alloys. The FM-BCC AEf convexity, and its large decreasing value versus Fe 
content, suggests that BCC-based ordered structures are not lower in energy, especially 
compared to the ground-state structures (dashed line in Fig. 2); therefore, none where checked. 
The martensite is, in fact, observed (3) within the INVAR region, with no chemical order noted. 

Ordering to FM-L1, NiFe, lowers the energy considerably between the FCC alloy and the FM- 
BCC-random alloy. The calculated energy difference being 1.9 mRy in favor of the BCC- 
random alloy. (A direct M A  calculation for the FCC-BCC energy difference at 25% Ni gives 
this value as 0.6 mRy, see (19)). Local chemical ordering in FCC Ni-Fe thus reduces the energy 
of the martensite, requires no long-range diffusion, and is necessarily tied to the vacancy 
concentration, and therefore temperature. However, it is the Bain-path energy barrier for the 
transfornation to BCC structure that is all important, and it does not necessarily follow that it is 
concomitantly reduced via local ordering. Recently, however, Hoffmann et al. (29) (also see, 
(17)) discussed details of such a Bain transformation, including findings that L1, NiFe, is not 
even locally stable to such a transfornation, gaining about 1.8 mRy from it (comparable to that 
given above); they suggested this is possibly related to a softening of the TA2 shear mode. But, 
it is obvious from Fig. 2 that as the Fe content is increased within the Invar region the energy 
gained from the formation of martensite is more favorable than that from the exchange-splitting. 
For Ni greater than about 50%, FCC alloys would be more stable than BCC, even neglecting 
chemical ordering. It seems, however, that the above explanation is not straightforward because 
this is entirely based on equilibrium energies, whereas non-equilibrium processes play an 
important role: in the Invar region, samples are prepared above the Curie point in the PM state, 
and, due to the slow kinetic, the alloys are prepared via ball-milling then annealed below the 
Curie point, or, alternatively, they are retrieved from meteorites for the long anneals (3). 

Experiments using radiation to enhance diffusion in the Invar system found very unusual 
“segregation” boundaries at very high temperatures (3). Simple estimates suggest that such 
damage should produce transformations at about 35% of T , , ,  about 800 K in Invar. This 
temperature is comparable to all others (such as, the Curie point, miscibility gap or Ni,Fe 
ordering) in the alloy, and is, in fact, the temperature where these boundaries are observed These 
radiation damaged Invar samples, having numerous vacancies, would have allowed much short- 
ranged diffusion, either enhancing the thermodynamic segregation (compositional modulations) 
or the local chemical ordering implied in Fig. 2. Local chemical ordering should also increase 
slightly the moments, as mentioned above, effectively increasing the Curie temperature. With 
electron irradiation (3), there is an increase in Curie temperature for 34% Ni FCC alloys, as local 
ordering implies. clusters) is 
observed in the PM-FCC solid-solution phase. Both experimental observations are used to say 
that irradiation drives the system toward thermal equilibrium. Nonetheless, at 25% Ni, the 
compositional modulations or local ordering to L1, NiFe, should lead to higher martensite 
temperatures, and such an effect is indeed observed (3). 

Also, high-T segregation (with FCC Fe-rich and Fe-poor 
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This may be argued via classical nucleation theory. With a reduction in the bulk free-energy 
difference, Ag, between FCC and BCC, the critical nucleation barrier (related to interfacial free- 
energy and Ag) increases. With the martensite temperature related to this nucleation barrier, the 
martensite temperature increases. However, with a barrier increase, the kinetics decrease, and 
the kinetics are indeed sluggish in Fe-rich Ni-Fe alloys (4). From Fig. 2, the Ag at 25% Ni 
between FM-BCC and L1, FM-FCC is smaller, as it is also for the PM-DLM FCC solid-solution 
phase due to the convexity of the DLh4 curve supporting compositional modulation with Fe-rich 
and Fe-poor FCC Ni-Fe. Both effects lead to higher martensite temperatures. Unfortunately, it 
is not at all evident, and a source of controversy, that classical nucleation theory applies to the 
formation of martensite. While the qualitative results from the classical picture seem compelling, 
the shear instabilities discussed by Entel et al. (17) may be more appropriate. 

The Negative Thermal ExDansion Effect 

While many of the thermodynamic behaviors and anomalous properties of Ni-Fe Invar have been 
explained above and previously, e.g. (5). There remains still some question regarding the origin 
of the negative thermal expansion because is difficult to incorporate the displacement fluctuations 
(thermal phonons) on the same footing as magnetic and compositional fluctuations, especially 
based on first-principle approaches. (From recent work describing phonons via linear-response 
techniques (30), such calculations should presently be possible.) Recently, a possible cause of 
the negative thermal-expansion coefficient in Ni-Fe has been given via an effective Griineisen 
theory by Abrikosov et al. (7). Yet, this explanation is not definitive because the effect of 
phonons were not considered, Le., only the electronic part of the Griineisen constant was 
calculated. In this Symposia, Kim et al. (8) discussed within a simple electronic model the effect 
of including both electronic and phonon contributions to the Griineisen constant, finding that 
phonons are more dominant in the explanation and highly dependent on the magnetic state. The 
dramatic effect they find due to the FM transition may not be as pronounced, however, because a 
Stoner model with no exchange-splitting was used; even in the Invar region, a Stoner state is not 
very representative of the PM state. 

At 35% Ni, e.g., we find within the ASA calculations that the Ni and Fe moments, resp., are 
0.62 and 2.39 pB for the T=O K FM state, and 0.00 and 1.56 for the DLM state, in contrast to 
a NM state. From neutron scattering (18), the PM state has about 1.42 pB on the Fe sites, as 
found in the DLM calculations. (Actually, a small negative interstitial polarization is found 
experimentally and in non-ASA (5) calculations yielding 1.42 pB also.) Thus, the origin for the 
negative thermal expansion is not yet clear. 

Consider the purely electronic explanation. In Fig. 3, we show a plot of energy vs. lattice 
parameter for 25% Ni alloy in the NM, DLM and FM state. It should be noted that the FM curve 
actually has a double-well feature; i.e., it has a double solution with large (small) lattice 
parameter with high (low) moments. For the spin-restricted NM calculation (Le. zero moments), 
you can see there is a difference in energy, even near low-spin EM minimum. The FM moments 
at smaller lattice constants are smaller than 0.001 Bohr-magnetons but finite! As Abrikosov et al. 
(7) discuss, this double-solution behavior of the energy vs. lattice parameter of the T=O K FM 
state produces an anomaly in the Griineisen constant that leads to a negative thermal expansion 
effect. They argue that electronically this is the only means to produce a negative thermal 
expansion, However, if temperature is considered, in particular, thermal phonons and spin- 
canting, then it is not clear that this double-solution behavior is relevant near room temperature, 
where the lattice measurements are made. 

Specifically, Fig.2 and 3 indicate that already at T=O K, neglecting the large entropy of such a 
state, the DLM state (or an AFM state) is slightly more energetically stable than this FM state at 
25% Ni, and intermediate to the NM and FM states at 35% Ni. Notice that the energy differences 
for 25% Ni are about 0.5 mRy. Because of the high symmetry of the DLM state, in contrast to 
the FM case, there cannot be a double-well feature in the energy vs. volume curve, see Fig. 3. 
(As Ni content is increased from 25%, the low-spin solution raises in energy relative to high-spin 
solution and then vanishes for more than 35%, see Ref. (5) Fig. 9.) Thus, there appears to be 
less of a possibility of having a negative thermal expansion from this double-solution electronic 
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Figure. 3 Energy (Ry) versus lattice parameter (a.u.) for NM and DLM paramagnetic states and 
FM state, with its low-spin and high-spin FM solutions, for FCC NiuFe,,. The double 
FM solution exists for less than 35% Ni. See Ref. (5) for comparison to 35% Ni case. 

effect as the temperature is raised, as thermal effects should cant the moments (i.e. magnetization 
vs. T should be Brillioun-like) and should destroy, or lessen, this double-well feature. In 
support of this, the Invar alloys do have signatures like spin-glasses (e.g., magnetic 
susceptibility (31), and the DLM state at T=O K could be supposed to be an approximate 
uncorrelated spin-glass, see (5). Thus, at elevated temperatures, either both electronic and 
phonon effects contribute in some way, or, one would think intuitively that phonons dominate. 

Note that the transformation to martensite happens at low temperatures, where the T=O K FM 
solutions would be more pertinent, whereas the anomalous thermal expansion takes place near 
room temperature. And, as noted above, the local chemical ordering in FCC Ni-Fe and the Bain 
transformation would then be relevant at the low temperature, perhaps eliminating this double 
solution for the FM state. The energetics for all these effects are roughly the same, and arise from 
subtle (de)population of fig and eg d-electron orbitals (17,29) when the Fermi level enters the d- 
band edge of the majority-electron density of states (5). 

Finally, we offer a simpler possibility that relies on both the electronic (magnetic) behavior and 
the obviously important phonons. The data from Fig. 3 (and Fig. 9 of (5)) shows that there is a 
small energy associated with canting moments at 35% (actually an energy gain at 25% Ni) and 
this results in a lattice contraction, about 2% from the high-spin FM state to (low-spin) DLM 
state. Of course, canting moments would be much less dramatic than randomizing moments in 
the DLM case, and would contract the lattice less than that. On the other hand, a temperature 
increase and the associated phonons would gives rise to a lattice expansion, about 1-2% 
expansion, typically. Therefore, the competition of these two well-known temperature effects 
would lead to a small, perhaps negative, thermal expansion. And, this could only occur in the 
Invar region (for compositions greater than 25% and less than 40% Ni, see Fig. 2) because only 
then are states that close in energy and the DLM state not lower in energy. Maxwell construction 
including these four states seem to exclude the low-spin FM solution from being relevant. It 
remains to make this a more quantitative explanation by coupling the temperature-dependent 
calculation of the expansion due to phonons and reduction due to spin canting. 



. ’  
Phase Coexistence Fig. 2 and 3 (and Fig. 9 of (5)) suggests that energy vs. pressure should have 
branched solutions as a function of composition (and temperature), but we have not fully mapped 
out these. There are pressure anomalies in the Invar region (3). When a Maxwell construction is 
used to determine phase coexistence, care must be taken so as not to neglect pertinent phases, 
such as the PM phase. Volume fluctuations (25) may be relevant to the materials behavior but 
electronic-structure calculations represent bulk situations without such fluctuations. Considering 
only the FM state suggests coexistence of two FM states near zero pressure. But, including the 
DLM state, for example, this would be incorrect. 

Regarding the Weiss’ 2-Y Hvpothesis 

The long-time held explanation for the Invar effect has been the 2-y hypothesis (9), where there 
are two close (microscopic) magnetic states (low-spin AFM state and high-spin FM state) and by 
populating them thermally one has a crossover (Invar-like) behavior. It is tempting to interpret 
(and many do) the first-principles results discussed above as exemplifying this simple, nicely 
intuitive, classical picture. However, there are many points which one may use to criticize this 
interpretation of the quantum-mechanical results. First, there is not just two states competing. In 
the 25-35% Ni composition range where many of the anomalous effects occur, the double- 
solution of the FM state would appear to have an analogy with the 2-y interpretation, but only if 
one ignores the NM, DLM and AFM states. Using the NM state as the “low-spin” state and the 
FM state as the “high-spin” also begs the question, for one has ignored other states with more 
entropy. Then, again, the high-spin FM and DLM state could pass for two states, as suggested in 
Fig. 3 above. As a function of composition and temperature (leading to thermal population), 
there would not appear to be just be two relevant states. Also, there may be no coexistence 
allowed with pressure, as mentioned above. Second, the quantum calculations are for bulk 
materials, and, as such, the magnetic properties are a global (collective) property of all the atoms 
for that chemical and magnetic configuration. The local magnetic moments (and exchange- 
splitting) are not solely a property of the atoms but of the entire solid: the calculations do not 
represent a microscopic two-state model. Third, to account properly for thermodynamics, all 
states must be considered within a proper statistical model. For example, any Maxwell 
construction for the T=O K energy vs. lattice parameter curves just gives the macroscopic 
pressure required to have coexistence energetically; thus, one should explore the pressure, 
concentration, and temperature diagram with all solutions considered. Coexistence is therefore 
not like the 2-y concept, even though the FM and DLM solutions do mirror this idea. 

Conclusion 

While many open questions regarding the associated Invar effects remain, we have tried through 
accurate calculations of the energetics for the BCC and FCC alloys, with various states of 
magnetic and chemical order (both short- and long-range), to show that many of the Invar 
effects, phase diagram, and experimental data in Ni-Fe alloys are explainable. Only 
displacements (static and dynamical) have not been included on an equal footing within a first- 
principles framework. This remains the one very important bit of. physics that is required to 
distinguish the important interplay of electronic, lattice deformation, and magnetism for a full 
understanding of the many macroscopic properties of the Ni-Fe system. Yet the possibility of 
negative thermal expansion was qualitatively explained as an interplay of phonons and 
magnetization effects. Chemical ordering is not a necessary condition for an Invar behavior to 
happen, as evidenced, for example, in the Fe-Pt Invars. But, importantly, the interplay between 
magnetic exchange-splitting and chemical alloying is what leads to the underlying electronic 
structure and macroscopic behavior. The competition in Ni-Fe alloys between various magnetic, 
chemical and structural order arises from this intriguing interplay, but, in the end, may not 
necessarily be considered unique, for it may be manifest in other effects, such as the possibility 
for spin-triplet-type superconductivity that occurs only in one spin-manifold (15). It is the fact 
that in these systems several well-known effects are competing that makes the Invar phenomena 
apparently unusual, and clearly make the simple 2-y hypothesis a questionable picture. 



Acknowledrrements 

We thank Stephen Foiles for useful discussions and Mark Asta for critical reading of the 
manuscript, and acknowledge on-going collaboration regarding ordering tendencies in alloys 
with Jeff Althoff and Profs. Frank Pinski and Julie Staunton. 

References 

[ 13 S. Chikazurin and C. D. Graham, Jr., Magnetism and Metallurgy, edited by 

[2] J. S. Kouvel, ibid., p. 523. 

A. E. Birkowitz and E. Kneller (Academic, New York, 1969) Vol. 11, p.577. 

[3] Physical Metallurg of Controlled Expansion Invar-type Alloys, proceedings of Spring Las 
Vega, NV, Meeting, eds. K.C. Russel and D.F. Smith (Wanendale, PA: The Materials, 
Metals, and Metallurgy Society Meeting, 1989); all articles therein. 

Series on Materials Science, no. 3 (Maruzen Company, Ltd., Tokyo, 1978). 
[4] Hideo Saito et aL, eds., “Physics and Applications of Invar Alloys”, Hondo Memeorial 

[5] D.D. Johnson et al., “Ni-Fe INVAR Alloys: Theoretical Insights into the Underlying 
Mechanisms Responsible for Their Physical Properties”, ibid. Ref. (3). 

[6] D.D. Johnson, F.J. Pinski, and J.B. Staunton, J. Appl. Phys. 61, 3715 (1987). 

[7] I.A. Abrikosov et al. , Phys. Rev. B51, 1058 (1995). 

[8] D.J. Kim et al., in this volume. 

[9] R.J. Weiss, ibid. 82,281 1 (1963); and, for a similar based model, P. Chevenard, 
Rev. Metall. (Paris) 11, 841 (1914). 

[ 101 J. Korringa, Physica 13, 392 (1947); and W. Kohn and N. Rostoker, 
Phys. Rev. 94, 11 (1954). 

[l 11 P. Soven, Phys. Rev 156, 809 (1967). 

[12] J. B. Staunton, et al., Alloy Phase Stability, eds. G. M. Stocks and A. Gonis, NATO-AS1 
Series B: Physics (The Netherlands: Kluwer Publishing, 1989); and, J. B. Staunton, 
D. D. Johnson, and B. L. Gyorffy, J. Appl. Phys. 61, 3693 (1987). 

[ 131 V.L. Moruzzi, J.F. Janak, A.R. Williams, Calculated Electronic Properties of Metals 
(New York: Pergamon Press, 1978), pg 15-16. 

[14] A.R. Williams, et al., J. of Magnetism and Magnetic Materials 31,88 (1983). 

[15] Warren E. Pickett, Phys. Rev. Lett. 77, 3185 (1996). 

[16] D.D. Johnson, F.J. Pinski and G.M. Stocks, J. Appl. Phys. 57, 3018 (1985). 

[ 171 Peter Entel et al., in this volume. 

[18] M. F. Collins, Proc. Roy. SOC. 86, 973 (1965). 



[19] Approximate treatments such as ASA can have significant errors in the relative energy 
difference between various crytal structures, e.g. FCC and BCC. Hence, AEf for BCC-FCC 
elements were taken from more accurate, full-potential calculations, giving FM-BCC Fe relative 
to NM-FCC Fe as -9.0 (Singh) to -11.0 mRy (Stixrude) using generalized-gradient- 
approximation, and FM-BCC relative to FM-FCC Ni as +8.0 mRy (Mehl). The ASA Fe (Ni) 
difference is -5.2 mRy (+2.9 mRy), leaving the general trend of Fig. 2 unaltered, but the 
(meta)stability of Ll, Ni,Fe,, changed. See, D.J. Singh, W.S. Pickett, and H. Krauker, Phys. 
Rev. B 43, 11628 (1991); and, Lars Stixrude, R.E. Cohen, and D.J. Singh, Phys. Rev. B 50, 
6442 (1994); and, Mike Mehl, private communications, Naval Research Laboratory, 1994. 

[20] D.D. Johnson and F.J. Pinski, Phys. Rev. B 48,11553 (1993); and D.D. Johnson et al. 
Phys. Rev. Lett. 56, 2088 (1986). 

[21] T.B. Massalski, et al., Binary Alloy Phase Diagrams, 2nd edition (Materials Park, OH: 
ASM International, 1990), pg. 1735-1738. 

[22] Ying-Yu Chung, Ken-Change Ksieh, and Y. Austin Chang, Metall. Trans. A17, 
1373 (1986). 

E231 D.D. Johnson, J.D. Althoff, J.B. Staunton, and F.J. Pinski, to be published. 

[24] X. Jiang et al. , Phys. Rev. B54, 3211 (1996). 

[25] G. P. Renaud and S. G. Steinemann, Physica B 149,217 (1988). D. J. Kim, 
J. Appl. Phys. 55, 2347 (1984). 

et al. , J. Phys. F 16, 1761 (1986). 
E261 J. B. Staunton and B.L. Gyorffy, Phys. Rev. Lett. 69, 371 (1992); and, J. B. Staunton, 

[27] J. Crangle and G. M. Goodman, Proc. Roy. SOC. A 321,477 (1971). 

[28] F. Gao, R,L. Johnson, and J.N. Murrel, J. of Phys. Chem. 97, 12073 (1993). 

[29] E. Hoffmann, et al., Phys. Rev. B 47,5589 (1993); J. de Physique IV, 5,293 (1 195). 

[30] A.A. Quong, Phys. Rev. B 49,3226 (1994); Krakauer et al., Int. J. of Quantum 

E311 T. Miyazaki, Y. A d o ,  and M. Takahashi, J. Appl. Phys. 57, 3456 (1985). 

Chemistry S29, 39 (1995).. 


