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X-ray measurements show thatgkeNiscs has a slight tendency towartll, and/or L1, ordering
with a preference for weakly ordergti00} platelets. This bias for FHli first neighbor pairs decreases
the number of Fe atoms with eight or more Fe nearest neighbors. Such Fe rich regions are strongly
correlated to the alloy’s Invar properties. The mean separation of Fe-Fe first neighbor pairs is expanded
relative to the average lattice, and the amount of expansion increases upon cooling from 293 to
60 K. This expansion supports the large moment—large volume explanation for the Invar effect.
[S0031-9007(99)08748-7]

PACS numbers: 61.66.Dk, 61.10.Eq, 75.50.—y

Historically, the “Invar effect” has referred to magnetic small volume) [5]. In this Letter we report new detailed
alloys exhibiting an anomalously small or negative co-information on the chemical short-range order (SRO) and
efficient of thermal expansion over a broad temperaturéemperature dependence of the mean species-dependent
range [1]. Many explanations exist for this and for otherstatic displacements between pairs of atoms to address the
unusual variations of the magnetization, electrical resistiviack of direct and consistent information [6] on the local
ity, heat capacity, and elastic moduli with respect to com-atomic environments in this alloy.
position, temperature, pressure, and applied magnetic field Many Fe-Ni Invar properties closely follow the compo-
[1,2]. Of particular interest is the strong correlation ob-sitional dependence of the fraction of Fe atoms with an
served between the characteristic magnetic properties arek rich local environment indicated by the yellow band in
lattice parametefvolume/atom) with concentration [2,3] Fig. 1. This region is bounded by solid red lines that de-
(number of Fe-Fe nearest neighbor pairs). Because of thisote the fraction of Fe atoms with eight or more and with
unusual behavior as well as the technological importanceen or more Fe NN. The dashed red line shows the fraction
of Invar alloys, an extensive body of literature detailingof Fe-Fe NN pairs as a function of composition. The num-
their bulk properties has developed since their discoverper of Fe atoms with 8—10 NN closely follows the steep
in 1896 [4]. Little is known, however, about the local rise in the compressibilitg ! [7], the spontaneous volume
atomic environments present in these alloys and how themagnetostrictiom, , [8], and the deviation ofw) from the
relate to the anomalous bulk properties. We report on th&later-Pauling curve [9]. A similar dependence is found
measurement of the local atomic configurations and shovior the lattice parameter, Curie and martensitic transforma-
their importance to our understanding of the Invar effection temperatures, electronic specific heat, Debye tempera-
which occurs in both ordered and disordered crystallindure, and high field susceptibility [10,11]. The reduction
materials, as well as in amorphous alloys. of {u) with increasing Fe content can be explained by the

The small coefficient of thermal expansion observedre rich regions remaining paramagnetic and/or develop-
over a wide temperature range below the Curie temperang a noncollinear spin alignment and/or becoming anti-
ture Tc in Invar alloys is currently best understood asferromagnetic. Indeed, a tendency for unlike neighbors
a volume increase associated with increasing magnet{#e-Ni NN pairs) will decrease the occurrence of Fe rich
zation/spin alignment as the alloy is cooled bel@w. regions and suppress [12] the Invar properties. Knowledge
This volume increase, termed spontaneous volume magf the preference for like or unlike neighbors provides in-
netostriction, opposes the usual Gruneisen lattice contrasight into the dependence of the Invar properties on the Fe
tion. The prevailing explanation is that as the alloy isconcentration.
cooled or an external magnetic field is applied, the in- The Fg;,Nisgg fcc single crystal was annealed at 753 K
creasing alignment of the magnetic spins causes the Fe-R@d then quenched to room temperature. Because atomic
nearest neighbors (NN) to push apart thus occupying diffusion in this alloy is quite slow at room temperature,
larger volume and creating an internal “pressure” whichthe crystal is in a metastable homogeneous single-phase
expands the lattice [1,2]. This interpretation has evolvednvar state. X-ray diffuse scattering data were collected
from Weiss’ earlier proposed explanation for the strongon beam line X-14 at the National Synchrotron Light
correlation between large average momeptsand large  Source. Measurements were made at both 293 and 60 K
magnetostriction. He postulated that Fe in fcc alloys carand at three x-ray energies chosen to vary the scattering
exist in one of two spin states: a high spin state (large moeontrast between Fe and Ni to enhance the sensitivity of
ment—large volume) or a low spin state (small moment-the measurement to ttecal atomic structure [13]. X-ray
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. = . . T 30.020 TABLE I. Warren-Cowley short-range order coefficieits,,
g i it > for Feszi%,g. Invar. The numbers in parentheses are the
a E Compressibility E standard deviations based on our best estimates of the total
0.010F ?:_ —a W, — error.
" = E 0.4 _:Tu o 10.015 E Imn ®pn Imn Qi
= a J ~ Deviation B 000 1.002553) 211 —0.003(2)
G 0.009F 5" Fe-Fe NN pairs = 110 —0.058(3) 220 0.000(2)
E s 8 oaf . 'E 200 0.052(2) 310 —0.006(2)
£ 1 o010 5
g B '-E = \ more Fe NN = _ _ . _
a =02 g bors is less than for higher Ni content Fe-Ni alloys [13].
% 'g' = 5 The a;,,'s recovered from the 60 K data were indistin-
g T  poe 0.005 2 guishable from those at 297 K because of negligible dif-
E & 0.1 @ fusion at such low temperatures. Thus only one set of
o 0.006 - = S a..'S is reported.
z = The largest observed,,,, values are those of the form
v =00 ".' 0.000 'g 100 and /m0 which wh'en coupled vyith_ the small out
0.005 | L,_ v @" & of ple_me alm,,’s,_ especially ?heam, indicate that the
R l‘ sazea 8 chemical order is strongest in t§&00} planes. Reverse
1 1 L L L L Monte Carlo simulations [16] were performed which
0 20 40 60 80 100 distribute the Fe and Ni atoms on an fcc lattice to match
Fe Ni (at.%) NI the recoveredy,,,,’'s. A tendency for Fe atoms to form

{100} platelets was found. A majority of the Ni nearest
FIG. 1(color). The concentration dependence of the compressieighbors to the Fe atoms of the platelets occupy adjacent
ibility B!, volume magnetostriction,,, and deviation of {100} planes above and below. From the shape of the

A{u)/{u) from the Slater-Pauling curve are plotted to show . . .
the correlation with the fraction of Fe-Fe NN pairs and evenChemlcal short-range order intensity, e.g., the (100) peak

stronger correlation with the fraction of Fe atoms with=  Profile shown in Fig. 2, we conclude that these small
8 Fe NN. The curves drawn faB~!, w,,, andA(u)/(u) are  locally ordered platelets average about three unit cells

guides to the eye. or ~9 A in diameter. Broad shoulders at the base of
the peak are consistent with an average thickness of
data collected at 30 K confirmed that none of the sampl@about 1.3 lattice planes. Neutron small-angle scattering
had martensitically transformed [14]. (SANS) studies [17] on similar Invar compositions have
Details of the data collection, reduction, and analy-reported variations in the magnetic scattering density due
sis are substantially the same as in previous investigae regions of varying spin alignment and spin density of
tions of Fe-Ni alloys [13]. The chemical short-range approximately 6 to 12 A in size. The similarity in size
order and the first-order mean static displacements wersuggests that the chemical fluctuations we observe are
recovered using a nonlinear least squares refinement. Th&sociated with these magnetic variations. However, we
SRO is expressed in terms of the Warren-Cowley SRO p&ind that the chemical fluctuations are platelike as opposed

rametersw;,,,, defined byay,,, = 1 — Pjir¢/cre = 1 —  to the spherical magnetic models used to interpret the
PEEN/eni, whereP)iFe is the conditional probability of SANS measurements.
finding an Fe atom at sitenn given a Ni atom at the ori- Figure 3 shows the magnitude of the radial component

gin [15]. The first-order static displacement (size effect)of the mean static displacements. This is the deviation in A
parametersAjere, ANN and AjN' describe the mean of the pair separation distance from the average lattice for
species-dependent deviations of the atomic positions relaach type of atomic pair. Upon cooling from room tem-
tive to the average lattice. Thg,,, are vectors, so it is perature to 60 K the pattern of displacements is unchanged,
actually the individual Cartesian components of the disbut their magnitude increases by as much as a factor of 2.
placement vectors that are recovered from the least-squarEsr Fe-Fe and Fe-Ni pairs, only the first and second neigh-
analysis. bors show significant displacement. The displacements for
The first six recovered;,,,’s are given in Table I. The Ni-Ni pairs are smaller but persist to much greater dis-
fact thataggo = 1.0 indicates that the data sets collectedtances. Also, the displacements for the Fe-Fe and Fe-Ni
at the three x-ray energies are internally self-consistenneighbor pairs tend to oscillate in sign, whereas all the Ni-
Both a9 and a;g show significant deviation from ran- Ni pairs except for the 310 are negative indicating that
domness, while the remaining,,,,’s tend to zero. There most Ni-Ni pairs are compressed relative to the average
is a slight preference for unlike first neighbors and for likelattice. Similar behavior of the displacements has been
second neighbors indicative dfly (AuCu) and/orL1,  found in Fe-Ni alloys with different composition; however,
(AuCu;) ordering. This tendency for unlike first neigh- no temperature dependence was observed [13]. The large
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ing below Tc. Because of the difference in theli:'s,

529 K for Fe;,Nisgs and 830 K for Fgs sNiss 5, the Invar
composition Fg 2 Nise g recovers about 21% of its average
magnetic moment compared with only 5% for§-aNis; 5

upon cooling from 293 to 60 K [9]. Thus the Invar com-
position would have undergone a changevif), 21 times

(5 X 21/5) greater than that for BgsNis3 s upon cooling,

and hence a much larger change in the displacements as-
sociated with the increased magnetization.

The large temperature-dependent Fe-Fe NN spacing
supports the large moment—large volume model for ex-
plaining the properties ofd-element Invars [1,5]. The
average spacing between the different pairs is an equi-
librium position between the magnetic interaction causing
the Fe-Fe NN pairs to expand and neighboring pairs re-
sisting the expansion. It has been predicted by theory
[18] that a large Fe volume or Fe-Fe spacing is necessary
to support ferromagnetism in fcc Fe. However, the large

4]

2
h, (r.lu.)

FIG. 2(color). Two dimensional plot of the short-range order F€-F& NN spacing'is not Who”Y_ of magnetic origin. Part
scattering with contours in Laue units. Intensities are reconof the Fe-Fe NN displacement is simply the result of the

structed from the recovered;,,,’s. The dark blue contour in- |arger size of the Fe atoms which accounts for about one-
dicates the minimum (0.13) and red the maximum (1.83) valuengif of the observed expansion and the other originates

The shape of the (100) diffuse peak alofig00} associated : .
with the chemical short-range order intensity is shown in thefrom the ferromagnetic exchange of the Fe-Fe pairs.

inset. The sharp central peak and broad base of the profile Though a majority of the Fe-Fe NN are ferromagneti-
are associated with the thickness and diameter of the plateleteglly coupled, only a small perturbation (temperature and
respectively. Fe content) has a large effect on their magnetic alignment.
The drop in{u) and lattice parameter near thegfdiss
composition is commonly associated with the increasing
number of Fe rich environments. Using a binomial dis-
tribution modified by our observed chemical order, we
find that 9.5% or fewer of the Fe atoms are in an envi-
ronment of ten or more Fe NN as shown in Fig. 1. For

temperature sensitivity of the static displacements ob
served for Fg;»Nise g but undetectable in BgsNis; s [13]
can be understood in terms of the lar@g5) volume mag-
netostriction for Fg,Niseg and its greater relative cool-

0.02 T L LI LTI Fes3.2Nise s the estimated drop in the average moment from
I 001 :_aj_':.':';'ox T & SABNST the Slater-Pauling curve is 8%. Thus, 8% of the Fe atoms
rY E 0 T=60K ® o ] could be in such Fe enriched neighborhoods so as to be
2 0.00 p=-===-mms ;’“‘é,’“%"é""g* i coupled antiparallel. Evidence exists for a partial trans-
8 -001 | o 3 formation near 20 K to the antiferromagnetic state for al-
g N T T Io_ys near the F@N_i35 Invar composition [19]. Of course
«  b) Fe-Fe SIR T T T T T d!fferlng local environments of Fe-Fe N_N,_ esp(_emally the
S omf 3 distance between atoms, will cause variations in the mag-
< 2 2 . netic exchange. Rather than 8% of the Fe atoms being
Ll BRG Sk e coupled antiparallel, a larger fraction of Fe atoms could
£ o1 = P 3 participate in the deviation djfu) from linearity with com-
§ T I position by being in various disordered local moment ar-
® E ¢) Fe-Ni ' L L L ran_gements. These c_ould range from small inclinations of
2 001 - _?_ - their spins from a collinear ferromagnetic arrangement to
a C a ] a completely antiparallel alignment. Such an arrangement
o T AR S S g of varying noncollinear spins has been theoretically pre-
€ -0.01fF 1} 3 dicted [20]. Both theoretical treatments and phenomeno-

N T logical observations indicate that for Fe-Ni Invar alloys,

09200 2.0 4.0 6.0 Fe atoms with eight to ten or more Fe nearest neighbors

0
Neighbor Shell (Pair Separation Distance in A) will be in the low spin (small volume) noncollinear envi-

) . . _ronment [18,20].
FIG. 3. Species dependent radial components of the first We h b dal Fe-Fe NN fi hich
moment of the mean static displacements for the first eight near V'€ Nave ObServed a large re-re Separation whic

neighbor shells. Experimental uncertainty from both statisticalncreases upon cooling and conclude that this results
and systematic errors is smaller than the size of the symbols. from both increased ferromagnetic spin alignment of the

=]
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