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We determined the vanadium oxidation state and local coordination environment in disordered samples of
magnetic VTCNE],(x~2) prepared by chemical vapor depositicBVD). Systematic studies of the x-ray
absorption near-edge structup€ANES) in this material and reference compounds show that V ions have a
valence state near 2+. Extended x-ray absorption fine stru@XAFS) analysis shows that vanadium ions
are coordinated by 6.04+0.25 nitrogen atoms at a room-temperature average distance(6j2.08% local
environment is well defined with a distribution of V-N bond lengths comparable to that commonly found in
ordered compounds. This distribution is mostly vibrational in origin, with static contributions being at least
four fold smaller. The small disorder in V-N distances is a consequence of strong binding between V and
TCNE, with an effective local force constant &E87 N/m. This strong bonding leads to strong nearest
neighbor coupling, which for the extended structure ¢TENE], with six N nearest neighbors results in
magnetic ordering above room temperature. The strong V-N bonding explains in part the insoluble nature of
this compared to other molecule-based magnets. The room-temperature XANES and EXAFS results for the
CVD-prepared samples are compared to those foFGNE], prepared as a powder from GEl, solvent,
which has a similar magnetic ordering temperature but a magnetization that is more strongly temperature
dependent. This comparison suggests that coordination of 6 nitrogens around(Baetitkl little variation in
the V-N distances is important for achieving the high magnetic ordering temperature of 400 K associated with
samples made by both the CVD and £&H, solution methods.
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[. INTRODUCTION magnetoresistance field response for samples aboV&his

The organic molecule-based magnet vanadium tetracya!@S been analyzed in terms of a model of a half-
noethyleneV[TCNE],,x~2) is remarkable in that it shows semmonductor with fully 'spln—polarlzed \{alence and (':ondu'c—
spontaneous ordering of magnetic moments above room terf®" Pands. Such materials may be suitable for spintronics
perature(T,~ 400 K).I The magnetic ordering temperature apghcatlons". The t|)r|1c0r|?]orat|oi:1 of Co ffoi] vV in
and the temperature dependence of the magnetizidr) \./X %O‘X[TCNE]X enables the enhancement of the coercive
below T, vary with method of preparatiohVanadium tetra- f|eld._ Studies of MATCNE, show tha_t exposure to I|ght
cyanoethylene prepared in a @B, solvent using either can increase or depregse the magnetic susceptibility in the
V(CgHe),! or V(CO)¢ as a starting material have & of magnetic sta_té% _It is important to under_stand the Ioca!
~400 K though samples prepared usingCyH), have a atomic coordlngtlon' environment of yarladlum, as well as its
more strongly temperature-depend&htT) typical of more QX|dat|on state in this compo'und. Thls_ls key for unde_rstand—
disordered materials. In contrast, synthesis ¢T@NE], N9 the nature of the chemical bonding, magnetic interac-
prepared in GHyO solvent yieldsT,~ 240 K while from tions, and charge transport among vana(_:llum and TCNE ions.
CH5CN solvent yieldsT, in the range of 60 to 120 K Note The lack of progress in understanding the structure of
that, while CHCl, does not coordinate with V, &0, and _V[TCNE]X is due to its d_lsor_dered na_\ture and |ts_ air sensitiv-
CH3CN dO, increasing the disorder and decreasing the nun'ity. Structural characterization requires the ablllty to prObe
ber of nearest neighbor spin-carrying TCNE sites. The prepashort-range order in the arrangement of atoms without the
ration of VI TCNE], using solvent-free chemical vapor depo- requirement of long-range crystalline order. Additionally,
sition (CVD) methodology with \(CO)s and TCNE as the theoretical approaches have been limited by the lack of struc-
starting materials yields the sanfe~400 K with a M(T) tural information. “Almost nothing is known about the actual
more typical of an ordered magReStudies of critical be- structure of the V-TCNE” ferrimagnet, wrote Tchougreeff
havior and scaling of WTCNE], prepared in gHgO* and  and Hoffmann in their theoretical analydfsin which a di-
CH3CN°® solvents and via CVBreveal decreased random- rect interaction between V and eight N atoms from eight
ness in the local magnetic anisotropy that correlates witfsurrounding TCNE molecules was assumed. While the
increasingT.. Note that MATCNE], and FETCNE], have a medium-range structural ordering remains elusive, herein we
T. of ~75 and~100 K, respectively, demonstrating the rich- report x-ray absorption studies aimed at determining the va-
ness of magnetic behaviors possible in this materials éfass. lence state and local structure of vanadium [T@NE],.

Magnetoresistance studies of NCNE], show an unusual X-ray absorption techniques are well suited for obtaining
linear behavior on magnetic field beloly, and quadratic local electronic and structural informatidhX-ray absorp-
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tion involves the excitation of a tightly bound core electronedge jump. Since MCNE], is very air sensitive, sample
into available(empty) electronic states. Since the transition preparation was done in Vacuum Atmospheres Drilab
probability, given by Fermi's Golden Rule, involves the (<0.5 ppm Q; <0.5 ppm HBO) under nitrogen. Samples
overlap between the initial cor@tomig and final excited used as XANES standards were also in powder form,
(moleculay electronic states, the x-ray measurements prouniformly dispersed in Apiezon N grease. These
vide information on the local electronic structure at the ab4nclude [N(C,Hs),J[V(CO)g], VO(CO)g,* six coordinated
sorbing atom sit¢local density of statgs The x-ray absorp-  [V"(NCCH,)gl[B(CeHs)alo,®  V"(OH,)s(SOy), 26 VM,
tion near edge structukXANES) is particularly sensitive to  x(SQ,),,'7 and WO(PQ(Pc=G,H,gNg) (Aldrich). The
changes in the absorbing atom’s chemical valence state. Sugfppc sample was also used as an EXAFS standard for five
changes cause chemical shifts in the absorption thresholghordination, as well as WCIy(THF); (THF=OGHg) for
which can be used to determine valence state by comparingly coordinatiori and(NH,)3[V'S,] for four coordinatioh®

to standards. The XANES also contains structural informazgut the central V ion. The XANES data were also mea-

tion, but a quantjtative analysi§ requires.accounting fqr &ured on VO, Vglog, vVo,, and \)2/05 oxide powders

large number of single an.d mult|pI¢ scattering events. This I3Alfa Aesay.

due to the strong scattering amplitudes and_ long photoelec- X-ray absorption measurements at th&k\edge(1s elec-

tron mean free path that occur at low energies. tron excitation were done at beamline 4-ID-D of the Ad-
The extended x-ray absorption fine SIructUEXAFS),  yanced Photon Source at the Argonne National Laboratory.

i.e., the fine structure on the x-ray absorption coefficient ai; qulator radiation was monochromatized with(13i1)
higher excitation energies relative to the absorption edge, E

. . - ouble-crystal monochromators. Harmonic rejection was
easier to interpret as the limited photoelectron mean free pathieyed by double reflections from Pd-coated mirrors at an
(=10 A) and weaker scattering amplitudes result in contri-g 2 incidence angle. Measurements on all samples were
butions from asr_naller number of scattering events. This fin€one in transmission geometry by monitoring the incident
structure, which is due to the modification of the photoelec-ynq transmitted intensity before and after the sample with
tron wave by scattering from the potential of neighboringpighly linear x-ray ionization chambers. For the low-
atoms, originates in a small cluster of atoms surrounding th?emperature measurements, the “washer” samples were in
absorbing atom. As such, it does not require long-range cryspermal contact with the cold finger of a closed cycle displex
talline order and is therefore ideal for studies of amorpho“%frigerator. Samples were enclosed in a Be can filled with
materials. In the case of[TCNE],, the element specificity g exchange gas to prevent air exposure and provide better
intrinsic to this technique allows us to determine the locakpermal contact. The stability of [TCNE], was verified
atomic environment about the vanad,u_m atoms. . through the reproducibility of XANES measurements as well

The paper is organized as follows: in Sec. Il we describéys from magnetization measurements before and after the
the experimental details. In Sec. Il we sh_oyv XANES mea‘x-ray experiments. The x-ray energy was calibrated with a
surements for structurally related V-containing model com-,gnadium metal foil whose maximum derivative in the ab-

pounds with known valence states and compare them tQqrtion spectrum was set to 5.464 keV. The energy resolu-
V[TCNE]J,. This enables the determination of the oxidationjon in our measurement is estimated at 0.5 eV.

state of V. In addition, we illustrate the importance of using

appropriate standards by showing that comparison with

h@ghly io_nic yanadium oxides results in an unphysical vana- ||| VALENCE STATE OF VANADIUM: XANES

dium oxidation state. In Sec. IV we present _EXAFS mea- MEASUREMENTS AND RESULTS

surements on MTCNE], samples together with those of

model compounds with known coordination environments. Figure 1 shows room-temperature, normaliz¢d @NE],

The implications of our results are discussed in Sec. V, andKANES data at the \K-edge(top) together with its deriva-

are summarized in Sec. VI. tive (bottom). Features A and B in the spectrum are assigned

following Wong et al?° and references therein. Feature A at

the thresholdthe first peak in the derivative spectrugor-

responds to a & 3d transition. Generally, if a center of
The V[ TCNE], used in this study was grown by the CVD inversion (i) exists at the absorbing site, this transition is

technique as thin films, a few microns thick, on glassstrictly dipole forbidden since electric dipole transitions re-

substrated. Due to the relatively low rate of deposition quire AlI=+1, wherel is angular momentum. Although al-

(=1-5um in 12 h) repeated depositions were required tolowed as an electric-quadrupole transition, the much weaker

obtain enough material for the x-ray absorption measureoscillator strength of quadrupole transitions cannot explain

ments. These are optimized for a sample thickness ofhe observed pre-edge peak intensity in this and other vana-

~80 um, giving an absorption edge jumpux=1 at the  dium compound$?

V K-edge. Hereu is the absorption coefficient and the In the case of vanadium oxid®"O), where V is at the

sample thickness. The deposited films were used to makeenter of a regular octahedron having rigorous inversion

powder samples, which were mixed with Apiezon N greasesymmetry° (Fig. 2, top lefy, feature A is absent. However,

and cast into disk shapes by embedding in 1-mm-thick aluwhen the site symmetry is lowered and the inversion center

minum washers. The effective thickness of the sample waks broken, such as in the distorted octahedral environment of

nearly ideal, as determined from the measured absorptiod"',0; and VWO,, and the distorted square pyramidal of

II. EXPERIMENTAL
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2 . . T T . B is most sensitive to changes in the oxidation state.
B e Da Figure 2, lower panel, shows the energy of the absorption
15k  VITCNE] f‘::‘ Fit - edge, determined from the centroid of the arctangent func-
tion and the energy of feature B, determined from its Gauss-

ian centroid(squareyor the related zero crossing of the de-
rivative spectrum(pointy for a series of vanadium oxides
standardgleft) and molecular standardsight) with known

Absorption
T

0.5 i V oxidation states. The equivalent information for
. V[TCNE], is shown with circles on the right panel. The
0 ek : energy shift per unit of valence increase is obtained from the
i slope of the fitted lines through the data points and shows a
2 larger sensitivity for the transition intop4final states(3.1
g 02r il T and 4.8 eV/valence for the oxides and molecular standards,
-g i respectively compared to shifts in the absorption ed@e0,
5 01k 5 4 1.8 eV/valence for the oxides and molecular standards, re-
% l spectively. The oxides values are in excellent agreement
§ N with previously reported daf¥. An interpolation of the

V[TCNE], results(circley into those of the molecular stan-
L Lt Ao L dards yields a valence state for V of 2.25+0.25. The major
5440 5460 5480 5500 5520 5540 source of error is attributed to the variations in the type of
coordinating atom. Nevertheless, the molecular standards
provide a greater degree of self consistency in the result ob-

FIG. 1. XANES data(top) and its derivative(bottom for the tai_ned from different absor.ptio.n features, in contrast to the
V K-edge of VTCNE],. Features A and B correspond to transitions 0Xide standards. Interpolation into the results from the latter
into electronic states with ad3 4p orbital character, respective- Jives inconsistent oxidation states of 0.8 or 3.0, based on
ly(Ref. 20. Chemical shifts in the absorption edgeaximum de- ~ chemical shifts of feature B or the absorption edge, respec-
rivative) and feature R Gaussian centrojdfor several compounds tively. This discrepancy is not surprising as the nature of
with known oxidation states were used to infer the oxidation statdoonding in the molecular compounggreater covalency and
of V in V[TCNE], (see the text bonding to similar atoms with similar hybridizatipis a bet-

ter model for the bonding that occurs if MCNE],.

VV,0;,2° this transition becomes dipole allowed due to
3d-4p mixing. An increased overlap between metdl@bit-
als and oxygen 2 orbitals due to shorter V-O distances in V. LOCAL ENVIRONMENT OF VANADIUM: EXAFS
the noncentrosymmetric structures also contributes to en- MEASUREMENTS AND RESULTS
hancements in this peak. The presence of a sizable pre-edge ) ) _
feature(A) in V[TCNE], indicates the absence of inversion 1 N€ Cross section for photoelectric x-ray absorption past
symmetry at the V site. We note that the size of this featuré" absorption e_d_ge .eXh'b'tS an energy—dependgnt fine struc-
in V[TCNE], is comparable to that measured in &@0) ture due to modification of the photoelectrgne) final state

standard(shown later in Fig. Y. There the octahedral sym- b.y scattering.from neighboring "’.‘toms- ngedges(ls) in
metry is weakly broken with a spread in neighboring dis_smglg scatten.ngSS.and. harmonic approximations, th_e ab-
tances of less than 0.01 A about a 2.0 A average distince SOPtoN coefficient is given byu(E)=uo(E)(1+x(E)) with
Since such small distortions cannot be resolved in the refingto the embedded atom absgrzgtlon coefficient and the fine
ments of EXAFS data due to the inherent small spatial resoSt'Ucturex (EXAFS) given by

Energy (eV)

lution of EXAFS in amorphous samples, the extreme sensi- R SZON-F-(W KR) 22
tivity of XANES to this broken symmetry provides a unique x(K) == 3(e- R)>=>—L5 e ]
structural(albeit qualitative characterization tool. j kR‘?

Feature B is assigned to dipole-allowed-24p transi- % e'ZRi”‘(k>sin(2kRj +8(kR). (1)

tions. The XANES data near the threshold are well repro-

duced by fitting the data with two Gaussians for features A Herek is the free photoelectron wave number measured
and B superimposed on an arctangent function used to simuielative to the Fermi levelk=2m(E-Ey)/A?, with E the
late the absorption edge jump. The energy positions of thesghoton energy ané, the absorption threshold for the core
features depend on the oxidation state. For example, the pelectron excitation%Nj is an effective coordination number,
sition of the absorption edge, given by the centroid of thewhich includes changes in the passive electrons’ wave func-
arctangentor the maximum in the derivative spectriyrill tions due to the presence of the core hdig;a spherical
shift to higher energies with an increasing valence state du&ave backscattering amplitude; the root mean squared
to the increased attraction of the &lectron to the nucleus relative displacement in interatomic distanaean effective
and reduced repulsive interactions with the other electronsnean free path, which includes the finite lifetime of the core
Since the outermostpilevels are less tightly bound and hole; R; the interatomic distanceg; an overall scattering
hence more affected by changes in the valence state, featupbase shift; an@ the x-rays’ polarization vector. The sum is
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FIG. 2. (Color) Left: V K-edge XANES data on a series of vanadium oxi@ep left) and molecular compound®p right) with known
oxidation states of V. The XANES data for[ VCNE], are also shown. Energy shifts in absorption e@geximum derivative and the
1s— 4p transition(peak in absorptionare shown for oxidedeft bottom) and molecular standardsght botton). The results for YTCNE],
are shown by circlegright bottom).

over all possible single scattering paths. For samples with nby nonlinear least squares minimization of a redugéd
preferred orientational ordering, an angular averaging ovestatistic2®
the relative orientations of the electric field vector of the
linearly polarized synchrotron radiation and the bond direc- , N N Y(R) = ¥*A(R)|\?
tion gives((%-R,—)2>:1/3, and theEXAFS only contains in- Xv= N gl &R) '
formation on the radial part of the partial pair distribution
functions. Since the EXAFS is a superposition of oscillatorywhere the sum is over all pairs of poiriteal and imaginary
functions in p.e. momentum space, a Fourier transf@#)  parts of the difference are evaluated the fitted region of
of x(k) with respect to R is related to this pair distribution Fourier transformedR-space[x(R) is the complex Fourier
function about the absorbing atom but “peaks” in this FTtransform ofy(k)]. HereN,=(2AkAr)/+2 is the number of
appear shifted from the actual interatomic distances due tmdependent points in the fitted regiéhpy=N,-Np the de-
thek-dependence of the total p.e. phase shifk) in Eq. (1). grees of freedom in the fit, andR;) the evaluated uncer-
The experimental EXAFSy®*"(k), is obtained after sub- tainty in the numerator’s difference of E@). An overallE,
tracting the embedded atom absorption background from thghift fitting parameter is used to adjust tkeO reference
measured absorption coeffici&htand normalizing by the between experiment and theory. The former is arbitrarily se-
edge step; namely®™P(K)=[u(k)— uo(K) 1/ Aug(0). The ab- lected to be near the midpoint of the absorption edge.
sorption threshold is selected to be near the midpoint of the The EXAFS measurements on[MCNE], were carried
edge step. The data were analyzed using the UWXAF®ut at 10, 120, and 300 K. As discussed later, measurements
analysis packagde together with theoretical standards from at several temperatures allow breaking correlations between
FEFF62% These standards were generated using a modifiefitting parameters allowing for a more accurate determination
version of the structure of vanadyl phthalocyaniN®Pc¢?33  of coordination number. Figure @op) shows the absorption
which was used to calculatg(k), 5;(k),\(k). Theoretical data at the V K-edge of MCNE], at 10 K. Also shown is
standards were also generated using the structure ofie simulated embedded atom absorptigp(E), which in-
[V(NCCH;,)g].2” Fitting results were independent of the cludes frequencies up to 1.0 A, i.e., below structural
choice of structure used in generating these standards. A thérequencies” The derivedy(k) data, after the removal qf,
oretical y"(k) is constructed whose adjustable structural paand normalization by the edge jump, are shown for three
rameterst,Nj,al are refined against the experimental dataindependent scans in the bottom panel of Fig. 3. An estimate

(2)
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FIG. 3. Top: VK-edge absorption data on[VCNE], at 10 K. 0.05 Jli I):\‘I' e 0.1 | Y | Jl L =
The background functiomy(E) used to isolate the EXAFS is also O 1" 2" 3 4 56 %20 2 4 6 8 1012
shown. Bottom: EXAFS datg(k) from three independent scans at RA) KA

10 K after background removal and normalization.

FIG. 4. Amplitude of complex Fourier transfor¢eft) and back

of the noise in the EXAFS data is obtained from the aver+ourier transforms of the fitted region & space(right) together
aged root mean squared variation between these scans, 4vgh their corresponding fits for data taken at 10, 120, and 300 K.
><10-3, which limits the usablek-range from above to Vertical dashed lines indicate the fitted region, which includes first
~10 AL Uncertainties in background removal limit the shell only.
k-range from below te=2.5 A%,

Averaged EXAFS data in Ak=[2.5-10A~! range was
Fourier transformed into real space and fitted in the rang
Ar=[1.2-2.9A, which includes first shell information only.

neighboring distance. ThHE-dependent constraint fer fur-
ther reduces its correlation witk in the fits and diminishes
fhe uncertainties in both fitted parameters.

Figure 4 shows the amplitude of the complex Fourier
Scr::msforms(left) and the back Fourier transforms kespace
‘of the first shell region oR-space(right) together with cor-
responding fits to the data. The passive electron amplitude
reduction factor,§) in Eq. (1), assumed to depend only on

N,=6, while only a total of four fitting parameters are used
Correlations between fitting parametéis, or;, which affect
the EXAFS phase, aan,oz, which affect the EXAFS am-

plitude, were reduced by weighting the EXAFS data byyhe ansorhing atom type and not on its environni@ntas

kW(W:1’2’3 and Wsimultan(_aously _fitting the differently obtained from measurements and fits of a vanadium metal
weighted EXAFS k"x(k), using a single set of structural ¢o;| o pe S=0.775) and set to this value in all other fits.
parameters. This assures that the values obtained for the fi&; ~tural parameters derived from best fits are shown in

ting parameters are physical; i.e., they do not depend on the,pie | and partially summarized in Fig. 5. The quality of fit
arbitrary k-weight used in the analysis. While the correla- ;¢ quantified by the fractional misfit in real spapg! also
tions cannot be removed in the fits, they are affected by, | ded in Table |

weighting since the correlated parameters mentioned above

enter the EXAFS equation with differektdependencies. We EIN:l (ri) = X&Ar)|?
note that our error analysis includes the effect of correlations p= N o " . (4)
between fitting parameters. 2, )|

First, simultaneous fits of differently weighted EXAFS . .
data were carried out for each temperature independently. TABLE 1. Structural parameters for the V-N distance in
Later we fitted the 10, 120, and 300 K data simultaneously’[TCNE]. The number of independent points for all three tem-
by constraining the vibrational disordef,, in nearest neigh- Perature data sets i =18, while a number oRp=6 fitting param-
bor distance to follow an Einstein moo?@lbut allowing for eters were used to fit a‘lT-sets.SS:OJ?(S) was obtained from fits

a T-independent offseiz2,, to account for static disorder in [© @ V metal foil; a single energy origin shift parameter was fitted
the interatomic distance. i.a52= o2 +o2. or for all temperatureskEy=0.5£0.5 eV; the fitted Einstein tempera-
P T Pvib T P offs ture is 6e=534(54) K. The last column shows the misfit fractign

defined in the text.

2
0
o?= —cot%(—E) + 2, 3
2M Kg b 2T T(K) RA) o2(R?) N p
with 6 the Einstein temperature aih} the reduced mass of 10 2.0764) 0.00415) 6.04+0.25 0.034
the atoms comprising the bond. Thr%ff term represents 120 2.0764) 0.00425) 6.04+0.25 0.025
T-independent Gaussian disorder not accounted for by thgyg 2.0845) 0.00586) 6.04+0.25 0.018

model, such as due to unresolved splitting in the nearest
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FIG. 5. Temperature dependence of the mean squared disorder -
in the V-N interatomic distance obtained from the EXAFS fits. 0 Ll | H’m"l-"\—

P_oints are from fits to individual d._alta sets;. the.solid line i_s from_ 0 ! 2 R(3A) 4 5 6
simultaneous fits to all data sets using an Einstein model with static

disorder[Eq. (3); the fitted Einstein temperature and static disorder g 6. Amplitude and real part of the complex Fourier trans-
are showh The zero-point vibrational component of the Einstein torms of the EXAFS data and fits fag) (NH,)[VS,] (b) VOPc,
model dominates the disorder, the static disorafyy being about  anq (c) VCl4(THF)s. Fitted regions are indicated by vertical lines

ten times smaller even at the lowest temperature. The inset showg,q include the first shell only. Fitted structural parameters are
thermal expansion in the V-N distance. given in Tables I1-IV.

Excellent fits to the datéfew % misfi) were obtained for ) .
a first coordination shell composed of nitrogen atoms. Thd@nces beyond the spatial resolution of EXAFS were ne-

fitted V-N distances, disorder, and coordination number as glected, and the radial distribution function was represented
function of temperature are summarized in Table I. The fitted? thoSe cases by an average interatomic distaRcand the
coordination numbe, is 6.04+0.25. The V-N distance, rms Gaussian disorder® about that distance. The refined
is 2.0764)A at 10 K and is 2.086)A at 300 K. This is Parameters are summarized in Tables II-IV. In all cases the

0.03 A shorter than that reported for the model compoundeﬁned coordination numbers and first neighbor distances are
[V(NCCF|3)6]2+ 32 indicating that VTCNE], has more V-N 1N agreement with published vald@s334within error bars.
’ X

backbonding and a stronger bond than occurs for
[V(NCCHy)g]?*. The temperature-dependant corresponds V. DISCUSSION

to a characteristic Einstein temperatureff=53454)K or
ISHe El ! peraturef 454 Knowledge of the number and type of atoms bound to V

an equivalent effective local force constantkaf87 N/m. . o ; :

To further test the accuracy of EXAFS for coordination is essential in ”r?de.rSta”d'”g the nature O.f bonding between
number determination, we performed measurements an}é and TCNE. Th_|s in turn controls magnetic gxchange path-
analysis on three reference compounds with known coordie. o> that result in the remarkably high ordering temperature

nation numbers. Data and fits f6KH,)JVS,], VOPc, and of this material. A critical parameter regulating magnetic or-
VCI;3(THF)3 Witﬁ coordination numgegrs o? ;‘our fi\;e and dering is the sign and magnitude of spin exchange coupling

six, respectively, are shown in Fig. 6. In these fits, the knownbGtWeen V and TCNE spins. While the ordering temperature

structures of the compounds were used as initial guesses in

the refinement&2:33:34 Smalll splittings in first-neighbor dis- TABLE lll. Structural parameters for V-O and V-N distances in

VOPc. Fitting ranges are=[2,10A", R=[1.1,2.9A. The number
TABLE II. Structural parameters for the V-S distance in of independent points in all three differently weighted data sets is

(NH,)4[VS,]. Fitting ranges ar&=[2,12)A"1, R=[1.3,2.2A. The N;=19, while a number oNp=7 fitting parameters were useﬁ§

number of total independent points in the three differently weighted=0.715), from fits to a V metal foil. Fit mismatch in real space is

data sets i8\;=20, while a number oRlp=4 fitting parameters were p=0.012. The V-O and V-N mean distances are reported as

used.§=0.775), obtained from fits to a V metal foil. The mean 1.5803)A and 2.0267)A, respectively, in Ref. 33.

V-S distance agrees well witR=2.15416)A in Ref. 19.

Bond R(A) o?(A?) N
2
TK) RA) oA N P V-0 1.612) 0.0032) 1.10+0.12
300 2.1428)  0.001%8)  3.93+0.35 004  V-N 2.012) 0.0032) 4.06+0.43
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TABLE IV. Structural parameters for V-O and V-Cl distances in 2 T ' T
VClI4(THF),. Fitting ranges ar&=[3,10A™%, R=[1.2,2.3A. The ’\
number of independent points in all three differently weighted data - \
sets isN;=19, while a number oNp=7 fitting parameters were |
used.§):0.77(5), from fits to a V metal foil. The fit mismatch in
real space i$=0.005. The V-O and V-Cl mean distances are re-
ported as 2.08 A and 2.34 A, respectively, in Ref. 34.

— T T T T 1
—— V[TCNE]_

N = vicoy

N | == NCH,Iveo))

-~

Vo~

-

Bond R(A) o%(R?) N

V-0 2.091) 0.0032) 2.8+0.4
v-Cl 2.36(1) 0.0032) 2.7+0.4

Normalized Absorption

-
——

T, is directly obtained from magnetic measurements, the 05—
magnitude of] is obtained from fits to mathematical models ¢
(e.g., from mean field theoyyall of which require ara pri- - ]
ori knowledge of the number of nearest neighbor sites. 0

Careful EXAFS analysis shows that the coordination 0 et/ | I | 546D 5480 550D 5520 5540
number of V in {TCNE], is N=6.04+0.25. This strongly 5460 5480 5500 5520 5540
suggests octahedral coordination. The relatively small uncer- Energy (eV)
tainty in this number was achieved through simultaneous fits
of T-dependent data. We note that thgentationalarrange- FIG. 7. XANES spectra for W}TCNE], (solvent-freg together
ment of atoms in the first shell coordination cannot be rewith those for \CO)g and [N(C5Hs)4][V(CO)g]. The inset shows
solved from these EXAFS measurements since angular infoiXANES spectra for YTCNE], grown by chemical vapor deposition
mation is lost in a powder sample. Nonetheless, a slightlysolvent freg and in a CHCI, solution.

distorted octahedral geometry is consistent with the XANESb ter th ter of | lect We beli ¢
results and is by far the most common geometry for coordi- fetﬁr an "’: qutar ero a;/a ent(;le edifc roni Ie te 1eve TQS
nation of six, especially for V in the 2+ valence state. of the uncertainty comes from the different electronegativi-

The valence state of V was found from XANES measure—:j'es_Of Coofd't_”a“”g iﬁ)m tytpe? "} the kno_wn s;amdards |r;1tr(|)-
ments to be in the vicinity of 2+. The interpolation scheme ucing variations in theé extent or screening ot the core-nole

based on molecular standards with known valence state%memial in the excited state. For example, the different po-

yields a valence of 2.25+0.25. This result is in good agree?"tion of the 5— 4p feature for[V"(NCCHy)g][B(CeHs)ul,

| . ;
ment with surface sensitive x-ray photoelectron spectroscop§"d V!(OHp)(SOy) standards is probably due to the differ-
(XP9),2 which finds a predominant 2+ state. A minority 5+ ént coordinating atom typgsix N and six O, respectively

oxidation component, which increases upon air exposurethough we cannot rule out a mixed valence state for V
was attributed in the XPS work to®s surface contamina- based on the uncertainty quoted above, the lack of significant
tion. Since the XANES measurements are bulk measurestatic disorder in V-N distances, together with the lack of
ments(surface insensitive they provide independent confir- significant broadening in the leading absorption edge, sup-
mation of the XPS results of a predominant 2+ oxidationPOrt @ single valen_ce state _for V. A mixed valence state is
state. expected to result in dissimilar local structures and an asso-

An intrinsic difficulty of x-ray absorption techniques is Ciated increase in the spread of V-N distances.
the presence of a core hole in the excited final state. Al- 1N€ clear presence of a pre-edge feature in the XANES

though very short lived~1fs), the electrostatic potential SPe&ctrum of YTCNE],, albeit small, indicates the breaking
introduced with the core hole causes a redistribution of elecOf inversion symmetry at the V -site. Figure 7 compares
tronic charge density, the details of which strongly depend o€ XANES data for YTCNE],, V(CO)s, and [N(C;Hs),]
the ability of valence electrons to effectively screen this po-<[V(CO)]. The structure of !CO)s is very close to a regu-
tential. In other words, the renormalization of energy leveldar octahedron, although there is a marginally significant te-
introduced by the core-hole potential depends on the ionicitjragonal Jahn-Teller distortion leading to 1.983\ V-C
(covalency of the chemical bond in which the absorbing axial distances and 2.008 A V-C equatorial distance%.
atom takes part. Hence, standards used in empirical methoddis small splitting of about +0.006 A about an average
for chemical valence determination based on interpolatiolistance of 1.999 A breaks the V -site inversion symm-
schemes should involve compounds with similar chemicaktry and gives rise to the observed pre-edge feature. Al-
bonding. though the structure ofN(C,Hs),][V(CO)g] has not been
We demonstrated in Sec. Ill that the use of inappropriateeported, similar deviations from octahedral symmetry
standards, such as highly ionic vanadium oxides, leads tare expected in this compound based on the reported struc-
inconsistent results for the valence state of V ifTENE],.  tures of V[CN-t-C,Ho]s[V(CO)glo(V"-C=2.10 A,V'-C
While the use of molecular standards yielded a good degree1.92 A3 and [N(PPh),][V(CO)g](V'-C=1.93 A.36
of self consistency in valence determination based on chemBince the size of the pre-edge feature is directly related to the
cal shifts of different absorption features, the accuracy is notleviation from regular octahedral geometry we conclude,

—  V[TCNE] ilm
= = [VTCNE], -solvent
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based on Fig. 7, that the size of the distortions away f@m distribution function of V -N distances. The rms variation in
symmetry in [TCNE], are comparable to those inf@0)g,  this distance is 0.076 A compared to 0.039 A for V-S dis-
assuming all V sites are equivalent. An alternative explanatances in strongly covaleriNH,)4[VS,] and about 0.054 A
tion for the origin of the pre-edge feature involves the coexfor V-O, V-N, and V-Cl distances in VOPc and V&LTHF)4
istence of inequivalent vanadium environments, e.g., thosgTables II-1\V). This small disorder is indicative of strong
with O, symmetry and those in defected structures. Since thginding betwen V and TCNE. The V-N bond is characterized
XANES data is a weighted average over all local environ-by an effective local force constant ok=87 N/m
ments, we cannot rule out a small fraction of defected V sites=5.5 eV/A. This is only a factor of two weaker than the
giving rise to the observed pre-edge peak despite a majoritgffective force constants for V-O and V-N in strongly cova-
of V sites exhibitingO,, symmetry. Since at present we lack lent VOP¢~160 N/m) and a factor of three stronger than
models for these hypothetical defected sites we cannot estine effective spring constant for Cu-Cu neighbors in Cu
mate their fraction, which should result in average coordinameta|38
tion numbers, distances, and disorder consistent with those The small disorder in V-N distances is likely to be impor-
derived from the EXAFS analysis. Finally, we note that zero-tant in determining the high magnetic ordering temperature
point and thermal atomic motion can contribute to the preof V[TCNE], since the magnetic ordering temperature scales
edge peak intensity. Since the time scale of lattice dynamicith the strength of exchange coupling between spins. In a
(=10*%s) is longer than the core-hole lifetime=10"'°s)  simple picture of structurally disordered magnetic materials,
during which the structure is probed, instantaneous breaking_~ [r2q(r)J(r)dr, where r2g(r) is the radial distribution
of centrosymmetry by thermal and zero-point motion canfynction. A narrow radial distribution function, like the one
result in a small pre-edge peak, as observed in centrosymghtained for V-N distances with negligible static disorder, is
metric EuTiQ.* However, the sizable pre-edge peak of an important element in promoting high. In addition, the
V[TCNE], cannot be explained by thermal disorder alonestrong v-N bonding and a 3-D network structure are respon-
and requires one of the mechanisms discussed above. sible for the insolubility of the YTCNE], in organic sol-
We note that EXAFS analysis cannot resolve the presencgants.
of small splittings in the radial distribution function due to its
limited spatial resolution. The smallest splitting in inter- VI. SUMMARY AND CONCLUSIONS
atomic distance that can be resolvgtistinguished as two ) )
separate distances given by o = 7/ 2Ky Wherekyay is X-ray absorption spectroscopy was used to determine the
the maximum photoelectrofp.e) wave number in the data. chem_|cal oxidation state and local coordination environment
In other words, a difference in p.e. phase shift=efr is of _V in the V[TCNE],(x~2) mole_cule-base(_:l magnet. T_h_e
needed(the p.e. travels twice the interatomic distance be-OXidation state of about 2+ obtained by this bulk-sensitive
tween the absorber and the scatterer before recombining wit§chnique is consistent with previous surface sensitive mea-
its outgoing part at the absorhesincek,,.=10 A, the spa- surements using x-ray photoelect_ron spectroscopy. Although
tial resolution of 0.16 A is much more coarse than the esti& Mixed valence state for vanadium cannot be ruled out, a
mated splitting. This is not to be confused with the muchlack of intrinsic brqadenmg_ln the Ieadlr]g absorption edge
more accurate determination @verage interatomic dis- a_nd radial _dlst_rlbut|0n funct|0n_of V-N dlstan_ces suggest a
tances by EXAFS, of about 0.005 A. single V oxidation state. The V ions are coordinated by six N

Unresolved differences in V-N distances would manifestions, most likely in_a $Iightly distorted octahedral environ-
in broadening of the radial distribution derived from EXAFS. Ment. The strong binding between V and TCNE and a 3-D

Our model allows for such intrinsic Gaussian broadening irpetwork_structurg are responsible for the 'insolubility of this
the form of aoﬁﬁ, which fits to 3x 1074 A2 (Fig. 5). This magnet in organic solvents. Solvent-'contalnﬁmj-!z(;lz) and
gives an upper limit for unresolved splittings in V-N dis- Solvent-free YTCNE], magnets, which have similar mag-
tances of 0.017 A, well within the estimates based on théetic ordering temperatures above room temperature, exhibit
size of the XANES pre-edge feature. A comparison oftheé same local coordination by six nitrogens. This local co-
XANES data for solvent-free, CVD-grown [YCNE], and  ordination seems to facilitate the remarkably strong magnetic
that prepared via the reaction of WCNE], and (CO)g in interactions present in this family of molecule-based mag-
CH,Cl, is shown in the inset of Fig. 7. The nearly identical Nets-
pre-edge features in both[VCNE], samples is consistent
with CH,CI, not binding to V. The EXAFS measurements
on the solvent-containing sample confirm this idea as the D. H. acknowledges helpful discussions with Dr. A.
EXAFS data are consistent with a first neighboring environ-Haskel. We thank @yvind Hatlevik and Jesse M. Migliori for
ment to V composed of 6 nitrogens at 2204, i.e., nearly sample preparations. Work at Argonne is supported by the
the same local structure as the solvent free sample. Sindg.S. DOE, Office of Science, under Contract No. W-31-109-
both compounds have the same magnetic ordering temper&NG-38. The continued partial support by the department of
tures, it is reasonable to assume that the nature of the neardstergy Division of Materials Scieng&rants No. DE-FGO03-
neighboring environment plays a crucial role in determining93ER45504, No. DE-FG02-01ER45931, No. DE-FGO02-
the magnetic ordering temperature. 86ER45271, and No. DEFG0296ER12}198ARPA through
The high degree of local order in the coordination envi-ONR (Grant No. N00014-02-1-0593s gratefully acknowl-
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