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We have used the x-ray absorption fine-structure technique to obtain temperature-dependent mean-squared
relative displacements for a series of dopant atoms in a nickel host. We have studied the series Ti, V, Mn, Fe,
Nb, Mo, Ru, Rh, and Pd doped into Ni, and have also obtained such data for pure Ni. The data, if interpreted
in terms of the correlated Einstein model of Hung and Rehr, yield a ratio(bbst-host to (host-impurity
effective force constant, where the effective force constant is due to a cluster of atoms. We have modified the
method of Hung and Rehr so that we obtain a ratio of near-neighbor single spring constants, rather than
effective spring constants. We find that the host to tempurity force constant ratio decreases monotonically
as one increases the dopant atomic number for the series Nb, Mo, Ru, and Rh, but after a minimum at Rh the
ratio increases sharply for Pd. We have compared our data to Mossbauer results for Fe dopants in Ni, and find
qualitative disagreement. In Mossbauer studies, the ratio of the Ni-Ni to Fe-Ni force constant is found to be
extremely temperature dependent and less than one. We find the corresponding ratio, as interpreted in terms of
x-ray absorption spectra and the correlated Einstein model, to be greater than one, a result that is supported by
elastic constant measurements onRej; _, alloys.
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[. INTRODUCTION force constants for an impurity atom in a fcc host matrix We
use an augmented version of the correlated Einstein model of
It would be of interest if a general method existed for Van Hung and Rehr. We find that for thel 4mpurities in Ni
determining local force constants for dopants in dilute binarythere is a monotonic decrease in force constant ratio as one
alloys. For instance, force constants can be of use in corincreases the dopant atomic number in going along the series
structing local atomic potentials used in simulatidriBhe ~ Nb, Mo, Ru, and Rh. However, for the case of Pd dopants the
Méssbauer effect has been used extensively to measure tH¥ce constant ratio increases sharply relative to the case of
ratio ry of host-host to impurity-host local force constants Rh qlopar_1ts. These results are mterprete_d in terms of theories
for dilute alloys? but is limited to cases for which the dopant ©f Sizé difference—shear modulus relationships, as well as
atomic species is Mossbauer active. X-ray absorption fin&€ known shear moduli of the pure fcc metals Rh and Pd.
structure(XAFS) can also be related to local force constanthgns"’,:"t% i\;vne Lfr%mz?éfn '}/cl)?izbc?c?r?srt;rﬂdr a>t(i,gFf§r rg:lgtos ;?]rt;hls
ratios, and unlike the Mossbauer effect can be applied to Ri purity P
wide va_nety of atomlc types. The Mossbauer megsurements We have made an experimental determination of the
can be interpreted in terms of force constants using an aN3hsorber—near-neighbor mean-squared relative displacement

lytic res_ult due to Mannheim tha_t is exact, assuming centraI(MSRD) versus temperature for a systematic series of impu-
near-neighbor forces and a cubic host matrbemperature- i atoms in a nickel matrix. We performed experiments on
dependent x-ray extended fine-structure results can be relat dopants from Ti through Fe, alloyed into Ni, and od 4

to local force constants using the correlated Einstein mOdedlopants from Nb through Pd also alloyed into Ni. In the
of Hung and Rehf;this is a simplified approach that consid- present work we consider the MSRD between the dopant,
ers a single pair of vibrating atoms in a small cluster andyhose absorption edge is measured, and the near-neighbor
assumes a Morse potential. As in the Mossbauer theory dfost atom. The MSRD s related to the mean-squared dis-
Mannheim, central forces are assumed. Despite these aptacemen{MSD) by the following relationship:

proximations, the correlated Einstein model does vyield a

curve of mean-square relative displacement versus tempera-

ture that is in good agreement with experiment for pure cop- MSRD=MSDivpurity + MSDyn Host—2(DCF). (1)

per metal. We note that for several pure fcc metals, Daniel

et al. have shown that the slope of the linear portion of a plotin the above, the DCF refers to the displacement correlation
of temperature versus XAFS-derived mean-squared relativeinction (DCF) as discussed, for instance, by Beni and
displacemenfMSRD) may be expected to be approximately Platzmarf. Recently, Poiarkova and Rehr have developed a
proportional to a bulk shear modultisThese authors also method for numerical computation of the MSRD for as-
showed this relationship to be true experimentally. In thesumed local force constantsThis method is not yet avail-
present study we analyze temperature-dependent XAFS dasédble for the general user. At present the best theoretical
to obtain the ratio of pure host to dopant-host single springramework with which the experimentalist can relate force
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constants to temperature-dependent XAFS is the correlated
Einstein modef. Q

Host

Il. DISCUSSION OF THE CORRELATED EINSTEIN L/ \
MODEL: THEORETICAL BACKGROUND

Van Hung and Rehr use their correlated Einstein model to
compute an effective force constant for an absorbing atom in Q
a small cluster of host atoms. The cluster consists of the Q
absorber(impurity) atom, host near neighbors of the ab-
sorber atom, and host near neighbors of the near neighbors of Impurity
the impurity atonf The effective force constant relates to the
normal mode for which the impurity atoith) and one near
neighbor (NN) vibrate back and forth about the common ~ /1
center of mass of theand NN pair. In this model, all other (/
atoms are assumed fixed in place. In the present application
we assume an impurity atom doped into a fcc host lattice. FIG_. 1. Schematic drawing of the cluster used in the correlated
The calculated effective spring constagtr is related to an  Einstein model of Hung and Rehr.
effective potentiaVg(x) by Eq. (2),

We define the ratiaoy to be equal tkyy divided byk,, .
@) Given the definitions outlined above it is clear that the ratio
ry to be determined from the XAFS analysis is equal to the
where the ellipses indicate higher order terms. In®y.x is ratio A determined from Mossbauer experiments, as written

the deviation, from the equilibrium separation, of the bond'n EY: (@),
length between the two atoms vibrating in this normal mode
ask?oth atoms move relative to their con%mon center of mass, Fx=Kiati 'Keat = A 0.0/ Ax wpurirv(0.0 =X (4)
andks is a cubic anharmonicity parameter. For the fcc lat-The effective force constant between the impurity atom and a
tice, the motion of the two atoms in question is along thenear-neighbor host atom, in the atomic cluster used in the
[110] direction. The present study uses a range of temperaeorrelated Einstein model, is defined lasr. The effective
tures such that terms of higher order than quadraticamne  spring constant between neighboring atoms in a pure host
negligible. The model of Van Hung and Rehr assumes centrdéttice is denoted bKpyre gee Our first task is to obtain a
forces only, and assumes that only near-neighbor forces arelationship that will enable us to determikg, andkyy in
significant. terms ofkggr and kpyre grpand relate the XAFS data to a
We wish to relate our work to existing Mossbauer results quantity involving the spring constant ratiq . In Fig. 1 we
The Mossbauer theory of Mannheim also assumes the validiustrate a section of the three-dimensional cluster used to
ity of near-neighbor central forces and the harmonicdiscuss our derivation. Let; be a displacement of the im-
approximatior”. The Mossbauer results are expressed inpurity atom along thé110] axis toward the host atom. Let
terms of a spring constaftestoring force per unit displace- x,, be a displacement of the host atom along this same axis
meny that is defined as ifonly the impurity atom were toward the impurity atom. All other atoms are fixed. These
moved along ararbitrary x direction, all other atoms fixed, displacements are assumed to correspond to the normal-
and the restoring force is also alorgThe constanfyx(0,0)  mode described above and, therefore, one has the relation-
for the pure host equals four times the single spring constarship described in Eq(5),
between a particular pair of near-neighbor atoms. For a sub-
stitutional impurity atom at the origin, we define X IXy)=(MyxIM)). (5)
Axx impurity(0,0) as the restoring force in thxadirection per
unit displacement in th& direction of the impurity atom at
the origin, holding all other atoms fixed. Then

Ve(X)~ (1/2)Keppx @+ Kax3+- -+,

In the above equatioml ; andM, are the masses of the host
and impurity atom, respectively. Then, in a straightforward

A mpuriry(0,0) is shown by Mannheim to be equal to four but somewhat tedious and lengthy application of classical

times the single spring constant between the impurit aton[pechanips, we consider all out of pla_me and_ in plane force
ge spring purty ontributions and keep only quadratic contributions to all

and a near-neighbor host atom. We define the single spri:rs tentials. The total i ) tential of thandH at
force constant between the impurity atom and the host ato otentials. The lotal increase in potential ot IhandH at-
dms due to a total change of amourin near-neighbor bond

where the direction from the impurity to the host atom isI th is th . by Eq6)
[110], to bek,;, . We define the corresponding single spring ength is then given by Ed6),
force constant between an atom in the pure host lattice and a _1 2.2 2 2
near-neighbor host atom, to lig, . These quantities are to V) = 2{Ku (X7=X7) + BkigpeXi + 4K X C)

be determined from XAFS. Then one has the relationships ag the derivation of Eq(6) it is assumed that the atomic

shown in Eq.(3), displacements are sufficiently small relative to the inter-
atomic distances involved that the angle between the dis-
Axx(0,00=4Kkyn, Axx mpurTy(0,0=4ky, . (3 placement of an atom and the directional vector to a particu-
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lar near-neighbor atom does not change during thathat our data extend into a temperature region for which the
displacement. The effective spring constant can then be eXxMSRD is proportional to temperature and the equipartition
pressed in terms of single spring constants as in(Ex). of energy theorem can be applied. In a later section of this
5 ) paper we will justify the assumption that for our data we can
Kerr= 3Kun[ M /(My+M) ]+ 4k [My /(M +M)) ] neglect the anharmonic terms in E®). Assuming the va-
_ 2 lidity of Eq. (2), but neglecting anharmonic terms, one has
TRu{1 =My /(My =M D from the equipartition of energy theorem Hg2),
For the case of a pure materid,; =M, andky,=ky,, and
one obtains an effective pure host spring constant that is 2.5 7KerMSRDyostimpurTY= zKsotrzmann T, (12)
times the pure host single spring constant. This result agre : :
with the corresponding result of Van Hung and Rehr for z;?;en:iifcfg;;oiﬁqeaggﬁt one has Ef3), again using the
pure material, obtained by those authors using a Morse '
potential? For the case in which the ratio & divided by
M, approaches infinitykeer approaches i4,,. This corre-
sponds to the case in which the host atoms are motionless, In an Einstein model, Knappet al. approximate
and the effective spring constant acting on the impurity iSMSRDyostimpurTy DY the expressiofi14),°
four times the near-neighbor single spring constapt, in

skpure EFMSRDuosTHos™ sKsotzmannT- (13)

agreement with Eq3). For the case in which the ratio df, MSRDyosmimpuRITY
diViged by My approaches infinitykger approachesky, = (hl2uwe p)cotHhoe ni/2KeorrzannT] (14)
+ 3 HH . ° ° !

We express ouexperimentalXAFS results in terms of a whereu is the effective mass of the impurity-host pair. For
ratio Ry given by Eq.(8), thus utilizing the correlated Ein- the case of MSRRpstHosTONE replaces 2 in Eq. (14) by

stein model of Van Hung and Rehr, My . The Einstein temperatuf@g is proportional to the Ein-
stein frequencywg. From Egs.(12) and (13), one obtains
Rx=Kpure erd Kerr- (®  Eq.(15), assuming the classical temperature regime and the

We desire the ratio of near-neighbor single spring force conb@rmonic approximation,

stantsry, a ratio that must be obtained from the experimen-_
tal ratioRy, analyzed by the theory of Van Hung and Réhr. RX_[dT/d(MSRDHOST'HOS‘)]/[dT/d(MSRD*OST"MPUR'TQ%')

The ratiory, determined from XAFS, corresponds to the

ratio as determined by the Mossbauer measurements. In the high-temperature limit cdthwg . /2Kgoirzmann T ]
We define the constants; andC, as follows: approaches Bsorrzmann T/ wg 1. - Also
) cotH e/ 2kgorrzmann T] approaches
Ci=[M/(My+Mp]5, 9 2Kgorrzmann T/ @e HosT and one has
CZZ[MH/(MI+MH)]2- (10) RX:[®E HOST/®E H_|]2MH/2,LL. (16)
Then one obtains the single spring constant regian terms  Finally, combining Eqs(11) and (16), one has the desired
of the experimental rati®Ry as expressed in Eq11), result expressed in E@17),
Fx=2Rx(3C,+1)/(5-6C1Ry). 1D rx=2[OF nost/Ot n-11°(Mp/2u)(3C,+ A5
We consider some more limiting casé€s) For the case in —BC1[Of post/Or w112(My/2u)}. 17)
which Ry equals 1, and both atoms have the same m3ss, . .
also equals 1(2) In the limit for which M, /M, goes to We now show that we can neglect anharmonic terms in

infinity (heavy host atomRy approaches 0.625. One can Eq. (2) for our exp_eriments performed for temperatures less
see that this last result is physically consistent with both thdhan 300°C on Ni-based alloys. Hure al. have recently
model of Hung and Rehr and the definiton of performed a detailed analysis of the anharmonlc con_trlbu—
Asx impurity (0,0) used in Mannheim'’s theory. The value of tions to the XAFS for copper metdl. They find that, in
Keure err €quals 2., . On the other hand, if the ratio terms o_f the MSRD, “the dlff_e(ence between the _total and
harmonic values becomes visible at 100 K, but it is very
small and can be important only from about room tempera-
ture.” In the high-temperature limit, for the correlated Ein-
stein model, the MSRD between near neighbors is given by
e expressich

My /M, approaches infinity, thenkge approaches
Axx mpurity (0,0) since now only the impurity atom moves.
Recall thatAyx mpurity =4Kn, . Then the ratioRy should
indeed approackR.5/4) timesry, or 0.625 timeg .

Hung and Rehr find that classical approximations, such a@
the equipartition of the energy theorem, are valid for tem- _ 2
peratures at or above the effective Einstein temperdture, MSRD=KeotrzmannT/SD &, (18
which Sevillanoet al. find to be about 2/3 the Debye tem- whereD anda are parameters characterizing a Morse poten-
perature for fcc metaRRoom temperature is close to two- tial local to the pure host atom in the host matrix. In the
thirds the Debye temperature for Ni metal. Thus, the conclupaper by Hung and Refithe effective spring constant, for a
sions of Sevillancet al. applied to our experiments indicate pure fcc material, is related to the Morse potential as follows:
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K (err pure Hosr=5Da?[1—(3/2aal, (19) lll. EXPERIMENTAL METHODS
. ) . A. Sample preparation
where “a” is a net thermal expansion. From Girafalco and
Weizer! a for Niis 1.42 A™. The nearest-neighbor distance ~ Dilute samples of Ni_,yTMy (TM=Ti, V, Cr, Mn, Fe,
in the fcc Ni lattice is close to 2.5 A. From the known value Nb, Mo, Ru, Rh, and Pd whepe=0.01 or 0.02 were made
of the thermal expansion coefficient of Ni méfabf 12.5 by melting in an arc melter with Ar back fill. The dopant
X 1076’ one deduces that to a very good approximation' aponcentrations used were 1% for T|, V, CI’, Mn, and Rh dOp'
room temperature, one can neglect the second term in tHNts and 2% for Fe, Nb, Mo, Ru, and Pd dopants. Several
parentheses in the right side of Ed.9). We note that the emelts were made to assist in obtaining homogenous ingots.
thermal expansion coefficients of Ni, Ti, V, Cr, Fe, Nb, Mo, T0 ensure minimal weight loss the samples were weighed
Ru, Rh, and Pd are all less than &wWne would therefore before and after melting. The recovery turned out to be
expect the statement of Hunet al. that the anharmonic 99.8% or better. The samples were given a homogenization
terms are unimportant up to room temperature for(Ref. ~ anneal at 800 C for-100 h. Investigations by x-ray diffrac-
10) to hold a fortiori for Ni-based alloys with small amounts tion revealed only fcc Ni peaks.
of these dopantgThe listed thermal expansion coefficient of
pure Mn exceeds that of copper. In pure form, this material B. Data collection
has a large, complex unit cell relative to the other metals

listed, and therefore the large thermal expansion for pure ngstem. Using conventional fluorescence geomdtredge

Is not characteristic of Mn in a fcc environment. dopant atom XAFS was collected at five different tempera-

It is relevant h‘?fe to dlsc_uss again the hlgh_—temperatu_r?ures for each sample. The fluorescence signal from each
results of Mannheim as applied to a determination of a ratig

: ) e . sample was monitored using an ion chamber filled with ei-
:\\/lc())sfstt?aeugfzta'?aos';htg tlrgg?”g‘ ::/Iosrt];ﬁ;?; ig?fﬁ? I\tjlsé'gg an her argon or krypton gas. In order to minimize harmonic
the correlated Iéinstein mgdel of Hun a’md Rehr for’ the ontamination, the monochromator was detuned by about

9 ' 40% for 3d dopants. For the d dopants, there was no need

MSRD, are similar in that both assume central forces amd_?\Or detuning due to the higher energy at which these data

cubic lattice. The theory of Mannheim assumes a harmonic )

S : Were collected. Data were obtained out to 1200 eV above
approximation, and relates experlmental data and _the PrOPE reshold. The data were collected at the X-11A synchrotron
ties of the host phonon density of states to the ratio given i '

n ; ;
Eq. (4). Mannheim’s theory has been simplified by Grow line at the National Synchrotron Light Sour¢BSLS). A

et al. Grow et al. show that one obtains the following rela- double crystal $IL11) monochromator was used.
SRR ’ o 9 We also obtained similar temperature-dependent XAFS
tionship in the high-temperature linfit:

data for pure Ni, except the Ni data were taken in transmis-
sion so as to avoid the distortion effects that arise if fluores-
MSD~ (kg T/M)u(—2). (20) cence XAFS is obtained on concentrated specimens. We ana-
) . , ) lyzed the pure Ni data in the manner to be described below,
In the above equatiorkg is Boltzmann's constanM is the 24 ghtained by our procedures the high-temperature slope
mass of the vibrating atom, ane(—2) is a moment expan- ¢ the finear region of a plot of versus MSRD. In a previ-
sion. By manipulating an expression developed by Grow,,,q nyplication we have showed that one would expect such
etal, one can show that in the high-temperature limit one, giope 10 be a linear function of the bulk shear modulus for

The samples were mounted in a “displex” refrigerator

obtains the following equation: pure fcc materials, and then demonstrated that this was in-
deed the case for a significant set of XAFS data in the
A=rx=1+(B_){[ (= 2)mpurmy /(= 2)HosT] literature® Our Ni data point fits quite well on this linear

plot. These results show the consistency of the XAFS
method, as applied here, between different investigators. Our
results for pure Ni also support the soundness of experimen-
tal and data analysis techniques used for our present mea-
surements for the alloys of doped TM’s in a Ni host. Other
evidence supporting the soundness of our procedures may be
found in our results for dopant—near-neighbor distances as
rX~1+B—2[{(AMSDIMPURITY/AT)/(AMSDHOST/AT)}_(]Z-]Z-) discussed in following sections.

X(My/M))—1}, (21)

where (B_,) is a function of the host phonon density of
states. By combining Eq$20) and(21) one obtains the fol-
lowing relationship forr :

In an Einstein model3_, becomes uniyandr is equal to C. Data analysis

the ratio of the high temperature slope of the impurity MSD  Data was reduced by using the University of Washington
versus temperature plot, divided by the high temperaturé&XAFS analysis package. The edge energy was chosen at the
slope of the host MSD versus temperature plot. In an Einedge inflection point. When one uses gas-filled ion chambers
stein model; therefore, Eq22) reduces to the analogous this produces an energy variation in fluorescence radiation

expression as is obtained in E@.5) for the quantityRy, detection efficiency. We corrected for this effect and then the
where Ry is equal to the ratio of slopes involving the XAFS was isolated from the background by subtracting a
MSRDs. cubic polynomial spline. The unweighted XAFS for various
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FIG. 3. k3-weighted Fourier transform fg@a) V K-edge XAFS
0.2 T ; : . . in V;Nigg and(b) K-edge XAFS in MgNigg, taken at various tem-
4 6 8 10 12 14 16 peratures.
(b) k@& are shown in Figs. @ and 3b). Real parts of these Fourier

. : transforms and fits for the first shell are shown in Figs) 4
FIG. 2. XAFS x(k) function at various@ 3d dopantk edges and 4b). The differences between the coordination shell dis-

and(b) 4d dopantK edges, taken at room temperature. tances and the near-neighbor distance in pure Ni, as deter-
mined from our fits, were compared to the data of Scheuer
3d and 4d dopants in Ni obtained at room temperat@880 et al® The trends of our interatomic distances as a function
K) is shown in Figs. @) and 2b). For comparison, the un- of dopant atom atomic number are in good agreement with
weighted XAFS of Ni foil is also displayed at the bottom of the previous results of Scheuer al. The MSRD’s for each
each figure. Using FEFFIT, data were fit to theoretical stantemperature were allowed to vary and the best MSRD’s are
dards generated by FEFF6.° Data were fit by assuming a extracted from our fits. The differendeMSRD between the
fcc Ni near-neighbor environment with the coordination MSRD values at temperatufieand the best value at 40 K are
number fixed to 12. The inner potential shifE,, the many-  plotted versus temperature for temperatures up-890 K.
body amplitude reduction factcﬁg, and the coordination These results are shown in Figgapand §b). The error bars
shell distance were allowed to vary but were constrained ton individual MSRD points were generated by FEFF6. The
be the same at all temperatures. Fourier transforms obtaineginstein temperatures were obtained by fitting tHh#MSRD
for the cases of V and Nb dopants for different temperatureplots to Eq.(23),
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FIG. 4. (a) Real part of the Fourier transformeki*(weighted XAFS data and fit for {Nigg. Transform range is 2.49—12.8°A The fit
range, 1.41-2.91 A, is indicated by the dashed vertical lines. Temperatures correspond ta) Rigd &re from top to bottom 40, 105, 170,
235, and 300 K. (b) Real part of the Fourier transformek®tweighted XAFS data and fit for MgNigg. Transform range is 3.0-157A.
The fit range, 1.53-2.82 A, is indicated by the vertical dashed lines. Temperatures correspond (o) Rigd Zre from top to bottom 40,
105, 170, 235, and 300 K.

AMSRDyosmimpuriTy= (7 2/2uk®g 1) [ (coth®g y.,/2T) this case the error bar for the best-fit Einstein temperature
was quite large, and the plot aMSRD points versud did
—(coth®g 1.,/80)]. (23 not show the shape predicted by E83). Perhaps there is

On the plots of experimentalMSRD versusT points we Some temperature-dependent effect specific to Cr dopants in
show the best fit Einstein temperature, an error bar on th&li that is showing up; however, as far as this particular study
Einstein temperature that represents plus or minus twice thé concerned the Cr in Ni data is not shown in Fig&) &nd
standard error for the fit of E423) to the data points, and a 5(b) nor analyzed further.

solid line representing a plot of a theoreticdVISRD versus The force constant ratios were extracted from the data as
T curve resulting from plotting Eq(23) using the best-fit described in a previous section, using Etj/). Our plots of
value of the Einstein temperature. Although the system conforce constant versus atomic number are displayed in Figs.
sisting of Cr doped into Ni was part of our investigation, in 6(a) and &b). These error bars are computed by starting with
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FIG. 5. ExperimentaAMSRD values versus temperature plot fay 3d dopants andb) 4d dopants in Ni.

the error bars on the Einstein temperatures shown in Figshe series Nb, Mo, Ru, and Rh, but the ratio increases sharply

5(a) and §b), and propagating the error through Efj7) for  for Pd. Although there is no other quantitative result to which

ry by standard methods. we can compare our data, we argue that the general trend we

observe is reasonable. Dang&lal. have shown that the slope

of the temperature versus the MSRD graph will be linear
For the 4 dopants in Ni, the value afy systematically ~With shear modulus for pure fcc materials, and have also

decreases as one increases the dopant atomic number algiipwn this relationship is true experimentallor the alloy

IV. EXPERIMENTAL RESULTS AND DISCUSSION
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20 corresponding Fe doped alldyThese Mossbauer findings

\Y; are consistent both with our results and the size difference

model of Li and Johnsdfi since doping a @ host with a

Ti smaller Fe dopant, as well as doping a Ni host with a larger
Fe 4d dopant, should both decrease the local dopant shear re-

16 Mn sistance relative to the pure host case.

We also point out that among thed4mpurities studied
here only Rh and Pd stabilize in the fcc structure. It is then to
be noted that elemental Rh, according to band-structure
calculations® has the highest shear modulus among tte 4
12 A metals, whereas in contrast, elemental Pd has a low shear
modulus about the same as copper, a noble metale
above argument is also consistent with the general trend of
our data for 4l dopants, in that they value is found to be
larger for Pd than for Rh.

We next discuss relevant Mossbauer results. For the case
16 of Fe dopants in Cu and Al hosts, recent resonant nuclear
inelastic scattering results of Se¢p al. also give force con-

{ stant ratio€? Setoet al. find a value of the force constant

1.8 1

1.4 A

Single Spring Force Constant Ratio

21 22 23 24 25 26 27
(a) Dopant Atomic Number

144 Pd ratio for the case of Fe in an Al host which is in disagreement

with the results reported by Groet al. Whereas the ratio
(1/ry) reported by Growet al. is 0.625, Setecet al. find a
value of 1.1. On the other hand, the value of the force con-
stant ratio of Fe in Cu obtained by Sedbal, reproduces the

corresponding data point of Groet al. well.2° With these

Mo comparisons among results obtained by different Mossbauer
Ru } related methods in mind, we now consider thé Gopants

Rh

1.0 4

. % %

081 and compare our results for Fe dopants in Ni with the find-

ings of Mossbauer spectroscopy. In their review, Gretal.

06 i i . , . . show a plot of the ratio of the impurity-host to the host-host

40 4 42 43 44 45 46 47 force constant for a number of syste?r(sNote that this ratio

(b) Dopant Atomic Number is theinverseof ry) The only spec;_ific alloy our XAFS in-
vestigation has in common with Mebauer studies is the
system of Fe doped into Ni. There is disagreement between
the Massbauerry and our XAFSry for Fe in Ni. In the
case, Johnson has argued that for a solid solution of twtemperature range between 77 and 1345 K, Janet. find
metals having large differences in elemental atomic size, ththat the value of  is of order 0.33 to 0.5! For the tem-
solid solution will tend to exhibit a decreasing shear modulugperature range just above the Ni Curie temperature, Howard
with increasing supersaturation, leading to instability to for-et al. find a value ofry of <.722 For temperature ranges
mation of an amorphous phaSeFurthermore, even if the from and above room temperature, Grewal. find a value
size difference is less than this critical value, according to Liof ry of ~0.83+0.065? Our value ofry, based on XAFS
and Johnson, fcc random solid solutions tend to exhibit deand the correlated Einstein model, for data taken for tem-
creasing local tetragonal shear moddfias a dopant of large  peratureup to room temperature, is 1.30. The case of Fe
size difference is alloyed at increasing concentration into thelopants in Ni is the one situation, amongst the systems we
host matrix. From our results, and those of Scheuer and Lerkvave studied, for which the local lattice is not expanded by
geler, the deviation from pure host near-neighbor distancéhe dopant. Therefore, the size difference argument cannot be
due to doping shows a lattice expansion surrounding all theised in this case to help explain the fact that our value,of
4d dopants. This increase is largest for Nb dopants, where is greater than one. Howaet al. state that the temperature-
reaches 0.07 A, and also the ratipis largest for Nb dopants dependent results of Msbauer experiments for Fe in Ni
among the 4 systems we study. The local size differenceshosts may imply “an anomalously large anharmonicity pa-
observed by Scheuer and Lengeler and us drop to less thaameter in this system2
0.02 A for Mo dopants and rises again for Pd dopants to We are certain from our XAFS results that the local envi-
nearly 0.06 A. However, we do not find a simple size rela-ronment around our Fe sites is fcc. The XAFS measure-
tionship for the trends of x since the lattice expansion we ments, however, cannot rule out some kind of Fe fcc cluster-
observe for Mo, Ru, and Rh dopants are all between aboung, although as far as dopant near neighbors are concerned,
0.02 A and 0.035 A. We note that Grost al. show in their ~ we contend clustering is unlikely. For the Ni-rich region of
review of Mossbauer results that the force constant betweettie Fe-Ni phase diagram, the only ordered compound re-
near neighbors in pure Mo, Nb, and Pd are significantlyported to tend to form is NFe? The Fe in such a com-
larger than the corresponding Fe-host force constant in thpound has all Ni near neighbors. Jiagigal. have carried out

Single Spring Force Constant Ratio

FIG. 6. Force constant ratig, for (a) 3d dopants as determined
from XAFS and(b) 4d dopants as determined from XAFS.
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100 constant is decreased for Fe sites relative to Ni sites. The
Mossbauer results, for the Fe-doped Ni system, are not sup-
ported by the elastic constant measurements.

90 1 As far as the other @ dopants are concerned, with the
exception of V, the force constant ratios, shown in Fi@) 6

are about the same for different members of thes8ries we

80 - have studied. There is no clear picture or correlation to be
™~ drawn. In their elemental form, however, none of the 3

75 1 \L\{\ impurities stabilize in the fcc structure. We note that the ratio

95 1

85 - 7

ry has a sharp maximum fov impurities, and that th&/

70 . . . . . . .
\% impurity moment in this alloy is known to be aligned anti-

SHEAR MODULUS (GPa)

parallel to the host Ni magnetic moméit.

We feel that the use of XAFS is promising as a means to
map out systematics for local impurity force constants as a
function of Periodic Table position. One could search for
correlations with a number of aspects of dilute alloy physics,

FIG. 7. Shear modulus of Nfg; ) alloys as a function ok.  such as virtual bound state theories, local magnetic moments,
The error bars are the upper and lower bounds determined from théghesive energy measurements, and atomic simulations. The
Hashin-Shtrikman limits. on-going development of computational methods for relating

MSRD results to force constants may eventually make it
a thorough study of local atomic order in jgeNis;s and ~ Possible to a_lvoid approximations such as assuming central
Fey, Nis- 5 by diffuse x-ray scattering. These samples wereforces, thus increasing the accuracy of the results.
close to random solid solutions. Our fit result for Fe-Ni in- ~ On the one hand, the discrepancy between the Mossbauer
teratomic distanceS, 24@} A, is close to the Fe-Ni bond and XAFS results for the case of Fe dopants in nickel mlght
length obtained by Jiangt al?* (2.507 A for Ni,, Fe,s. D€ attributable to the approximations in the correlated Ein-
We note that Scheuest al. in their ear|y XAFS work on stein model used to interpret the XAFS. The theOI’y of Man-
dilute binary alloys obtain an Fe-Ni bond length of 2.490 nheim used for interpreting the related Mossbauer results is
A.*® This value is in excellent agreement with our Fe-Nij the more exact theory, although neither theory takes noncen-
bond distances. On the other hand, Jiangl. find that the tral forces into account. We also point out that the XAFS
average Fe-Fe near-neighbor distance in both alloys studig@€asurements are sensitive to forces parallel to(11€)
is 2.5642) A, significantly greater than the average Fe-Fedirection between nearest neighbors; this might be significant
distance derived from the lattice spacing or the value of nearf there are force anisotropies. .
neighbor distance derived from our data. Thus, these diffuse On the other hand, there is no straightforward way to
scattering results argue against significant Fe clustering takeconcile the elastic constant measurements with the Moss-
ing place in our Fe-doped Ni alloy. bauer results. Also, one of the intriguing aspects of this topic

There are existing elastic constant measurements fdp the dramatic temperature dependence in the force constant
NiFe,_ alloys that support our XAFS results for Fe- ratios for Fe dopants in Ni as measured by several different
doped Ni, and are evidence that the Mossbauer result of afivestigators using the Mossbauer method. The combined
increased local force constant, for Fe dopants relative to th&AFS, elastic constant, and Mossbauer results hint at an ef-
pure Ni case, is incorre@®. Single alloy crystal force con- fect such that the ratio of host-host to iron-host force con-
stant measurements have been made for the elastic constaftgnt decreases with temperature. .

C11, C1, andCyy. All these force constants systematically ~We consider the discrepancy between delsauer mea-
decreaseas the Fe concentration in the fcc Ni lattice in- SUrements, on the one hand, versus XAFS and elastic con-
creases. We have used these force constants to compute fif@nt measurements, on the other hand, for the Fe doped into
upper and lower bounds on the shear mod@u®r a poly-  the Ni system to be an important aspect of this subject, an
crystalline alloy, using the Hashin-Shtrikman limffs?’ The ~ aspect which needs to be investigated further.

results are plotted in Fig. 7. We do not at present have a

theoretical framework to relate quantitativel_y our XAFS re- ACKNOWLEDGMENTS

sults for an alloy with the measured elastic constant data.
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