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Local structure and electronic state of a photomagnetic material of CoW cyanide
studied by x-ray-absorption fine structure spectroscopy
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The local structure and electronic state of a photomagnetic material
Cg.6C0y 1(3-cyanopyridine) W(CN)g- 2.1H,0 have been investigated by means of x-ray-absorption fine
structure(XAFS) spectroscopy. The CK- and W L-edge x-ray-absorption near-edge structure has clarified
that upon the transition from the high-temperat(ire) phase to the low-temperatufeT) one, a Co 8
electron is transferred to the WH3evel; the electronic state of Co changes from the high-spin divalent state
(d”, spin momentunS=23/2) to the low-spin trivalent statedf,S=0), while the W state correspondingly
varies from the pentavalent staté’(S=1/2) to the tetravalent onadf,S=0). Extended XAFS analysis has
revealed that the coordination around W and Co is W(gM) and Co(NC)(3-cyanopyridine)W,, respec-
tively, and that the Co-N distance in the LT phase is decreased®$7 A compared to that in the HT one,
while the structure around W shows little change. We have also found x-ray-induced phase transition of the
present material at 30 K. The x-ray-induced phase was found to be structurally and electronically identical to
the HT phase.
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. INTRODUCTION terial is Cg gCo; {W(CN)g(3-CNpy), ¢ 2.1H,0(3-CNpy
= 3-cyanopyridine). Apparently, the structure of the salt is
Prussian blue analogs have recently attracted great intenot a simple rock salt structure as in the CoFe cyanides,
est because of their noble magnetic properties. 8all  because the W atom is coordinated by eight Qigands. It
discovered the phase transition in CoFe cyanides by optica¥as suggested from susceptibility measurements that the
stimuli; Na ,Co, Fe(CN); and K, ,Co, 7e(CN); show CoW cyanide is paramagnetic at room temperature
weak paramagnetism at low temperat(c®), and they be- [d"HS(S=3/2) for Co andd*(S=1/2) for W are expectdd
come ferrimagnets upon visible-ligtB00—750 nmirradia- ~ and undergoes a first-order spin ftransitionTat=152 K
tion. The ferrimagnetic behavior is preserved up-tb00 K.  (€ooling processandT, =206 K(warming. The LT phase
Moreover, irradiation of near-infrared ligt319 nm) trans- shows very weak pa_\r_amagnetlsm, thus |nd|cat|ng that the
forms the ferrimagnetic phase to the LT phase with wea harge-transfer transition occurs and the electronic state of

. . o0 changes from GHd)HS to Cdlll)LS. On visible-light
paramagnetism. In our previous studiéshe local structure irradiation below 30 K, however, the material shows ferri-

gnd the electronic properties of these CoFe cyamde; Werr%agnetism. Although the HT phase does not show spontane-
investigated by means of Fe and Beedge x-ray-absorption

fi YAFS | led that d ous magnetization at room temperature because of the lack
ine structure( ) spectroscopy. It was revealed that dur- o yhree_dimensional magnetic ordering, the local electronic

ing the spin transition from the high-temp‘?rat'ﬁi‘ET) phase  giate of the trapped excited state at low temperature may be
to the LT phase, the Co-N distance is compressed bymilar to the HT phase.

0.20 A, associated with the change of the electronic states | order to understand these magnetic properties in detail,
from Fe(llLS (S=1/2) and Co(ll)HS §=3/2) of the HT  structural information is indispensable. It is, however, essen-
phase to Fe(ll)LS$=0) and Co(ll)LS §=0) of the LT tially difficult to obtain single crystals for x-ray crystallogra-
phase. Here, LS and HS imply low spin and high spin, rephy as is often the case of Prussian blue analogs. XAFS
spectively, andS is the spin angular momentum. The photo- spectroscopy is thus suitable to determine the structure of
magnetized phase at 30 K was found to be structurally andow cyanide. In the present study, we have investigated the
electronically identical to the HT phase. Cartier dit Moulin electronic and local atomic structures of the HT and LT
etal? independently investigated the Fe and ®eedge phases of the CoW cyanide by means of Be and W
XAFS of a similar CoFe cyanide RBCo; { Fe(CN)] L-edge XAFS spectroscopy. Moreover, we have found an
-3.9H,0, and their results are consistent with our findings.x-ray-induced phase transition at 30 K as in the case of
Moreover, they examined Fe and Ch-edge x-ray- visible-light irradiation. The structure and electronic proper-
absorption near-edge structup€ANES) and obtained fur- ties of the phase have also been examined. It is also demon-
ther detailed information on the electronic states. strated that high-resolution W-edge XANES measurements

Very recently, Hashimoto etal® found simi- allow us to distinguish pentavalent W from tetravalent, this
lar photomagnetization in a new type of transition me-being a key issue to identify the charge-transfer spin transi-
tal cyanide. The chemical formula of this ma- tion in the present material.
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This article is organized as follows. In Sec. Il, experimen-  TABLE I. List of samples investigated. The composition ratio of
tal details are given for spectroscopic measurements. Sectid#p' is also given, which is obtained by the Goedge XANES
Il deals with results and discussion. In Sec. Il A, we showanalysis. SamplefR1), (R2), and(R3) are the reference samples,
time evolution of the C&-edge XANES during x-ray irra- While samplega)—(f) are the CoW cyanides of interest.
diation at 30 K. In Sec. Il B, C&- and WL-edge XANES,

1 :
the electronic states of Co and W, are described. In Secample T (K) Co’ ratio Remarks
Il C, the analysis results of Cki- and WL, -edge extended gy 30 CsWY(CN)g- 2H,0
x—ra)_/—absorpuon fine structurEXAF_S) are given. Section (R2) 30 K,WY(CN)g- 2H,0
IV gives a summary of the present investigation. (R3) 30 CoWY(CN)g- 2H,0
(a 300 98.9% HT phase
Il. EXPERIMENTS (b) 30 85.0% high cooling rate
. (c) 30 69.3% medium cooling rate
Cs ¢C0o; {W(CN)g(3-cyanopyridine) o- 2.1H,0 was pre- .

: A . (d) 30 44.7% low cooling rate

pared according to the previous worico K- and WL-edge
. . (e) 130 30.1% T kept at 130 K

XAFS spectra of CoW cyanide were taken in the conven-f) 30 82.0% wray irradiated
tional transmission mode at Beamlines 10B and 12C of thé e y

Photon Factoryoperation energy of 2.5 GeV and stored cur-aremperature for XAFS measurements.

rent of 400—250 mAin the Institute of Materials Structure bgqr an estimation of the Gaatio, see Sec. il B and Fig. 3 below.
Science(KEK-PF). At Beamline 10B, a $811) channel-cut
crystal (the first crystal was cooled with wajewas em-
ployed as the monochromator. The photon density was of th
order of 1¢ photons/s/mrh and the spot size was 5

x1 mnt. The effe:;t of h|gh$r-orr(]:ler harmonics was ?l% SOk -edge XANES measurementsne XANES run took 54)s
::]go\;{/"‘l‘_nggt Beamdlne 108 for the mgasurﬁmer;]ts 0 IO bthe transformation was clearly observed. After x-ray irradia-
. ges under 2.5 GeV operation w en the total a tion at 30 K fa 2 h the transformation was almost saturated,
sorption coefficient was less than4. At Beamline 12C, a
Si(111) double-crystal monochromator was installed. A set of
focusing mirrors eliminated higher-order harmonics and th
double crystals were detuned by40%. The photon density
was ~10'" photons/s/mrh and the spot size was 1
X1 mn?. The intensities of the incident and transmitted x
rays were recorded using ionization chambers filled wijh N
The sample was diluted with BN and pressed to prepare a I1l. RESULTS AND DISCUSSION
disk (diameter of 13 mm The total absorption coefficient
was less than 3.0 and the edge jumps wef®3 for both Co
K and WL, edges. We also note that in the My, ,-edge Figure 1 shows the time evolution of the G¢-edge
XANES measurements, a shoulder structure was succes8ANES spectra of CoW cyanide at 30 K during x-ray irra-
fully detected only by using an &11) monochromator at diation. At t=0, the spectrum exhibits a main peak at
Beamline 10B, while it could not be observed at focused~7723 eV. This clearly changes as the measurement pro-
Beamline 12C where an @il1) monochromator was em- ceeds; namely, the peak at7720 eV increases while the
ployed. This is presumably because of higher energy resoluz723 eV peak diminishes gradually. According to our previ-
tion of the monochromator at Beamline 10B. ous works on CoFe cyanidés the peaks at 7720 and 7723
Temperature-dependent XAFS measurements were pegV can be attributed to Gb)HS and Cdlll )LS components,
formed at Beamline 10B. The samples investigated are listegespectively. The peak shift between(@§HS and Colll )LS
in Table 1. The HT phase was first examined at 300 Kones mainly originates from considerable difference in Co-N
[sample(a)]. At low temperature, four samples with different distance, as discussed below in the EXAFS section. The
HT/LT ratios were prepared depending on the rate of coolingesonance energy is likely to become higher as the bond
[samples(b)—(e)]. The cooling rate followed the order of distance becomes shorfelt is therefore concluded that the
(b)>(c)>(d) [(b) ~0.2 K/s, (c) ~0.05 K/s, and (d) CoW cyanide exhibits the x-ray-induced phase transition
~0.01 K/g, while the temperature of sample) was kept from the Cdlll LS state(LT phase to the Cdll)HS state, as
slightly below the transition temperatur@d30 K) for a in the case of visible-light irradiation.
couple of hours. The spectra of samplbs—(d) were taken In our previous CoFe studiés we successfully deter-
at 30 K, while those of sample) were measured at 130 K. mined the composition ratios of Qb) and Cdlll) quantita-
For references, we also measured thé. Wdge XAFS spec- tively by employing the factor analysis techniqu&vhen
tra of CgWY(CN)g-2H,0 [sample (R1)], K,W!V(CN);  one gathers a lot of data sets consisting of a mixture of sev-
-2H,0 [sample (R2)], and CeW'(CN)g-zH,O [sample eral spectral components, factor analysis allows one to deter-
(R3)] at 30 K. Typical data acquisition time was 1 s/point for mine the composition ratio of the components in each spec-
XANES and 2-4 s/point for EXAFS. trum as well as the spectrum of each component. The
At Beamline 12C, x-ray-induced phase transformationoptimization is carried out so that the square of the covari-

was examined at 30 K. For this purpose, the LT phase was at
first prepared at 130 K in a manner similar to that of sample
(e) and was cooled down to 30 K. During continuous Co

and the CoK- and W L-edge XAFS spectra were subse-
guently recordedisample(f)]. Since the x rays at Beamline
2C were a few hundred times brighter than those at Beam-
line 10B, the absence of detectable changes observed at
Beamline 10B during XAFS measurements was reasonable.

A. X-ray-induced phase transformation
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FIG. 1. Time evolution of the Cd&-edge XANES spectra of
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CoW cyanide at 30 K during x-ray irradiation.

ance matrix gives the maximufatatistically most probable

PHYSICAL REVIEW B 65 064438

particles, each of which shows different behavior. On the
other hand, the straight line in Fig. 2 corresponds to the the
first-order kinetics of the transformation. One can find a
slight curvature that indicates the presence of some particles
that do not undergo the spin transition. Although the detailed
mechanism of the phase transition cannot be discussed from
the present results, the important conclusion here is that the
x-ray-induced phase transitidior transformatiop of CowW
cyanide is definitely observed.

B. Co K- and W L-edge XANES

Figure 3 shows the CdK-edge XANES spectra of
samples (a)—(f). Sample (a) exhibits a main peak at
~7720 eV, implying that Co is in the divalent HS state at
300 K. The spectrum of samplé) taken at 30 K is, how-
ever, almost identical with that of sampla. This indicates
that rapid cooling allows the sample to preserve(trepped
HT phase even at very low temperature. The spectra of
samples(c) and (d) clearly show the peak at 7723 eV,
which is derived from C@Il)LS. Slower cooling facilitates
the phase transition from HS to LS. Sampg&® gives the
minimum ratio of Ca@ll)HS, the temperature being held at
130 K (slightly below T =152 K). As already described
above in Sec. Il A, samplé), which is irradiated by intense
x rays, shows a spectrum similar to those of samf@gand
(b). This implies that the trapped excited phase induced by x
rays consists of Qdl)HS, which may contribute to the fer-

Although the factor analysis often contains large ambiguitiessimagnetic behavior as in the visible-light irradiation. The

the present case is quite simple because of the following
reasons. First, the number of components is only 2 and the

spectrum of the HT phase is almost knoﬂﬂpectrum(a_) in Co K edge g;ﬁ‘l') —
Fig. 3; see beloy Moreover, the number of data sets is more 2l Go(tm) ------ | Co(II)
than 100 as seen in Figs. 1 and 3, and this is sufficient to ratio
reduce statistical ambiguities. In the present case, the third 98.9%
largest eigenvalue of the covariance matrix is more than 200 2.
times smaller than the second largest eigenvalue, implying 5
that the third component in the data sets can be neglected g 185.0%
with high reliability. The obtained logarithmic ratio, £ 8
In{[Cd"/([Cd"1+[Cd"])}, is plotted in Fig. 2. In the first- g
order phase transition, an abrupt change of the composition o 69.3%
ratio should be observed, and this is not the present case. “g 6
This may be because the present material consists of fine 2 it
o . (+]
-0.2 g 4
[}
g 0.4 ™ CoW cyanide 2 —130.1%
8 during x-ray irradiation
F sl | 2
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FIG. 2.

In{[Cd"]/([Cd"']+[Cd"])}, as a function of time evaluated from
Fig. 1 by employing the factor analysfRef. 7). The straight line
corresponds to the first-order kinetics.

Logarithmic

Time (s)

ratio of

the Qdll) component,

FIG. 3. Experimental C&-edge XANES spectrésolid line) of
samplega)—(f). The spectra of Qdl) and Cdlll) components ob-
tained by factor analysis are given by dotted and dot-dashed lines,
respectively, which are normalized according to their fractional con-
tribution to the experimental spectra. The numerical values of the
Cao(ll) ratio are also given.
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FIG. 4. WL -edge XANES spectra and their first derivatives  FiG. 5. w L, ,-edge EXAFS oscillation functiork3y(k) of
for sampled(@) (solid line, upper leveland(e) (dashed line, upper samples(@)—(f). The temperatures of the measurements are 300 K
leve)). The reference spectra and their first derivatitfewer leve)  for sample(a), 30 K for samples(b)—(d) and (f), and 130 K for
of sample(R1), C$WY(CN)g- 2H,0 (solid ling), and sampléR2), sample(e).

K,W"(CN)g-2H,O (dashed ling are also shown for comparison.

) . occupy one of these orbitals. In the case adM) the lowest
local environment of samplé) should be equivalent to the gy orpital is singly occupied and the transition of W2
HT phase, although long-range magnetic order cannot be ex-,5q il be observed, while for WIV), no transition will
pgcted a.t higher t_emperatures. Th_e results of the factor analyz o place since the lowesti®rbital is occupied by a pair of
sis are given in Fig. 3. The numerical values of thelD&IS  ojectrons. Another possibility of the origin of the transition is
ratios are important to analyze the EXAFS spectra discusseghe exchange splitting where an unpaired electron is a singlet
below. _ or a triplet coupled with an excited electron.

Let us now focus on the W.-edge XANES. Figure 4 When we look at the spectra of samplesand(e) in Fig.
shows the WL -edge XANES spectra of samples) and 4 e find that a similar shoulder structure appears in the
(e), together with the reference spectra.l\edge XANES spectrum of sampléa) but not in that of samplée). This
gives almost identical results and are therefore omitted her%learly indicates that W is pentavalent in the HT phase and
The peak height of the white line is almost the same amonguiayalent in the LT one. Combining the above Keedge
the reference spectra, indicating that the peak height is not QANES results, we can conclude that at the spin transition, a
good measure of the W valency. For reference spectra, how-y 34 electron is transferred to Wd The Co state is
ever, there is a slight difference betweeri\Wyand W1V) at Co(Il)HS (d7,S=23/2) in the HT phase and
the lower-energy side of the white line; a shoulder structureto(”')l_s (d°,5=0) in the LT phase, while the W elec-
appears in the \W) reference(Cs sall at ~10196 €V,  yonic states are LS in both the HT and LT phases,$
while it does not in the WIV) ones(K salt). To clarify this  _ 1/2 andd?,S=0, respectively. These results are consis-

finding, the first derivative spectra are also plotted in Fig. 4¢?nt with the susceptibility measuremefits.
and the shoulder structure clearly emerges. The spectra 0

sample(R3) Co,W'"(CN)g-zH,0O (not shown are almost
identical to those of the K salt. It is therefore concluded that
pentavalent W can clearly be identified using this shoulder EXAFS analysis was carried out in well-established pro-
structure appearing at the lower-energy side of the white linecedures using the analysis coslearsH.® The EXAFS oscil-
Although the origin of the shoulder cannot be defined, itlation functionsk3y(k) (k being the photoelectron wave
is reasonable to assign it to the singly occupied Wi&vel numbej were obtained by pre-edge base line subtraction,
that is present in the case of (W). The local structure post-edge background estimation using cubic spline func-
around W, which is discussed below in the EXAFS sectiontions, and normalization with the atomic absorption coeffi-
is W(CN)gCo, (subscripts denote the coordination number cients.
possibly withD ,4 symmetry. Although it is not known which Figures 5 and 6 show the \/,,,-edge EXAFS functions
is the most stable orbital,dy2_,2 or 5d,2, because of the k3x(k) and their Fourier transforms of samples—(f), re-
lack of information on the bond anglesd ®lectrons should spectively. The employedk ranges in the Fourier trans-

C. WLy -and CoK-edge EXAFS
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T T T T T TABLE Il. Results of EXAFS analysis of the W-C shell.
CoW cyanide - Errors in parentheses correspond to those in the last digits. The
W L, edge fixed parameters in the curve fits wer&3=0.91N=8,
andAE,=-0.4 eV.

~
(e}
T

60
M Sample R(A) C,(1072 A?) Ry

5 50 (R1) 2.1629) 0.197) 0.051
£ (R2) 2.16010) 0.258) 0.081
= 40 (R3 2.14812) 0.1713) 0.212
S @ 2.16110) 0.2810) 0.069
2 (b) 2.1539) 0.208) 0.116
[ © 2.1618) 0.189) 0.085
5 (d) 2.1609) 0.209) 0.056
5 20 6 2.16110) 0.259) 0.034
i (f) 2.1587) 0.238) 0.092

10

measurement temperature of 300 K. Because oflikarly)

oL L L L L L ] linear configuration of the-W—-C—N-Co—chain, the W-N
0 1 2 3 4 5 6 and W-Co shells are noticeably enhanced due to the
Distance R (A) multiple-scattering focusing effect. The features of the W-C

_ ) _ and W-N shells among spectta)—(f) do not differ so much
FIG. 6. Fourier transforms of Fig. 5. The employk ranges in  from each other, indicating little structural change of the
the Fourier transforms were around 3—16 (4, and were slightly W(CN)g unit irrespective of the charge difference. On the

dependent on the samples. other hand, the W-Co shell exhibits clear sample depen-
) . . ] dence, suggesting significant structural changes around Co.
forms were approximately 3—16 A. Prior to the assign- In order to obtain structural information, curve-fitting

ments of the Fourier peaks and subsequent curve-fittingnalysis was performed kispace. For WL ,,-edge EXAFS,
analyses, we need to speculate the local structure of th@e one-shell analysis can be adopted for the W-C and W-N
present material. Figure 7 shows the expected local structuighells, while the two-shell analysis is necessary for the W-Co
of CoW cyanide. W is coordinated by eight CNigands,  shell since the W-Ogl) distance seems to be significantly
and Co is expected to show octahedral coordination. Frongjfferent from the W-C@ll) one. Here we can employ the
elemental analysis, it was found that four N@nd two  ratio of Cq(ll)/Co(lll) obtained by the above factor analysis
3-CNpy ligands are good candidates for the ligands of Copf Co K-edge XANES. Theoretical standards are evaluated
The coordination of six NC is impossible from the elemen- ysjng thererFecode assuming the W(CN)Co, cluster unit

tal Co/W ratio, as long as W is surrounded by eight NC ith appropriate interatomic distancBs edge-energy shifts
Although H,O coordination cannot be ruled out from the AE,, and Debye-Waller factor€,. Here the W(CN} unit
elemental analysis, the interaction with Co ions is muchyas assumed to have cubic symmetry, although the actual
weaker than that of 3-CNpy. In 3-CNpy, coordination of the strycture should significantly be distorted. The backscatter-
N atom on the aromatic ring is more likely because of theing amplitudes and the phase shifts for each spa#C,
presence of lone-pair electrons. In the Fourier transforms ofy-N, W-Co(I1), and W-CdlIl )] were extracted from theerr

the WL -edge EXAFS functions, one can find three domi-files and were used in the curve-fitting analysis. The ranges
nant contributions at-1.9,~2.9, and~5.2 A, which are emp|oyed in the Curve_fitting ana|ysis WerﬁRCF

attributed to the W-C, W-N, and W-Co shells, respectively. In—1.35-2.10 A andAkcp~4.0-14.0 A1 for the W-C
sample(a), the W-Co shell is very weak due to the high shell, AR.~2.45-3.35 A andAkep~4.0-14.0 AL for
the W-N shell, and ARcg~4.45-5.55 A and Akcr
~6.0-16.0 A! for the W-Co shellsubscript “CF” means
curve fit. The parameters of the intrinsic loss fac&§; the
coordination numbeN, andAE, were fixed throughout the
curve-fitting analysisR andC, were obtained as fitting vari-
ables. The obtained values & and C, are tabulated in
Tables Il, 1ll, and 1V, together with the reliability factd®;
defined as

\/zi”fltk?xobgkn—k?xca.c<ki>]2
Rf:

1)
Ng 1.3 2 (
FIG. 7. Expected local structure of the CoW cyanide. 221 [k Xobs(ki) ]
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TABLE I1ll. Results of EXAFS analysis of the W-N shells. TABLE V. Results of EXAFS analysis of the Co-N sheR,C,,
R,C,, andR; are given. The fixed parameters in the curve fits wereand R; are given. The parameters fixed in the curve fits V\@%e

SS=O.91,N:8, andAE,=—-1.2 eV. =1.00, N;o;=6 andAEy= —5.0 eV. N, is the total coordination
number of the C&N and Cd'- N shells. For the Cbratio, above
Sample R(A) C,(1072 A?) R¢ XANES results in Table | were used.
(RD 3.32238) 0.267) 0.055 Co'-N Ccd'"-N
(R2) 3.3181)1) 0.339) 0.045 Sample R (o R (o Ry
(a) 3.31838) 0.338) 0.142
(b) 3.3148) 0.306) 0.070 @ 2.07213) 0.7418) 0.161
(©) 3.3168) 0.307) 0.108 (b) 2.07212) 0.8617) 0.209
(d) 3.3179) 0.308) 0.113 (©) 2.087112) 0.5522) 1.90424) 0.3723 0.141
(e 3.3199) 0.307) 0.080 (d) 2.08615 0.4522) 1.89915 0.3622 0.243
(f) 3.30414) 0.3515) 0.121 (e 211725 0.5325 1.91¥13 0.3616) 0.195
whereNy is the number of data. and W-N distances of the W) standard C8VV(CN)g are

The errors were estimated according to the I§8erna-  Not different from those of KW' (CN)g. Therefore, it is
tional XAFS Society report'® Several error estimation cri- reasonable that all of the CoW cyanides show essentially the

teria have been proposed, but we will here employ the folS2Me W-C and W-N distances irrespective of the W valency.

lowina scheme. The reliability factor? is first defined as Such a similarity was also observed _in our previous CoFe
g ty o cyanide casé? the Fe-C and Fe-N distances do not vary

~ Ny Ng [ Xond Ki) = Xearc(Ki) ]2 with the change of the Fe valency. _Thls can be expla_lned as
Xv=N NN > ., (2 fo_llows. The W 5 electrons participate in the bonding
d{Nina™Np) i=1 [e(ki)] with the CN™ ligands and the & electrons occupy the hy-

whereN, andN;,q are the number of parameters and inde-bridized W&-CN™27* bonding orbital. This implies that
pendent data pointsN(,q=2AkerARcr /), respectively. W(IV) can form stronger W-CN bonds than(\W) because of
e(k;) is the error at each data pointwhich was estimated @ greater number of & electrons. On the other hand, the
from the signal-to-noise ratio of the experimental spectralonic radius of WIV) is larger than that of W). These two

The upper or lower limit of the fitted variables was obtained®ffécts have compensated each other, resulting in almost
so that equivalent W-C and W-N distances. In contrast, the WHJo

distance is noticeably different from the W-Tib) one by as
A= X=X op=1, (3  much as~0.17 A. This will be discussed after the analysis
of Co K-edge EXAFS.

where)(f’c,pt is the optimized one. Note here that the errors Figures 8 and 9 show the Go-edge EXAFS functions
obtained in Tables II-V include only the fitting one. No sys- k3y(k) and their Fourier transforms of sampl@—(e), re-

tematic errors derived from the fixed parameterdNeAE,, _spectively. At highk regions above-11 A~1, quite intense

backscattering amplitudes, phase shifts, and so forth are i ort-period oscillations are found, which originate from the
cluded. Co-W contribution. In Fig. 9, several complicated peaks are

The W-C and W-N distances are found to be almost equglpseryed: those in the range of approximately 1—2 A and
for all of the samples. In particular, it is noted that the W-C43_54 A are ascribed to the Co-N and Co-W shells. re-

spectively. These features are significantly dependent on the
samples, indicating noticeable structural difference around
eters in the curve fits WereS§=O.91,Nt0t=4, and AE, ;O bzewxee'&n the HT and LT phasesl._ Tfle(;??;ures ahpp(Tgrlng Itn
=—4.0 eV. Ny, is the total coordination number of the W-Co € - range areé more complicated, there should exis

and W-Cd' shells. For the Cbratio, the above XANES results in  contributions not only from the C atoms of the N@igands

TABLE IV. Results of EXAFS analysis of the W-Co shell.
R(Aunit), C,(10"2 A? unit), andR; are given. The fixed param-

Table | were used. but also from the C atoms of the 3-CNpy molecules.
A curve-fitting analysis for Cd-edge EXAFS was per-
W-Co' W-Ca'! formed in a similar manner, though it was more complicated.
Sample R o R o R First, simulation of the EXAFS function was attempted by
R) (1072 A?) R) (1072 A?) using FEFre® Employing a cluster consisting of
Co(NC),(3-CNpy),W, with appropriate distancesEFF6
(@ 5352 11019 0.176  calculations were performed. We simulated the(IQoand
(b) 5.3711) 0.7150) 5.226) 0.4712) 0.134  Co(lll) cases separately and subsequently added them using
() 5.362) 0.4214) 5.204) 0.4231) 0.146 the above-determined @Q0)/Co(lll) ratio for comparison
(d) 5.362) 0.3417) 5.183) 0.5525 0.109 with experimental spectra. The calculated results are de-
(e) 5.363) 0.3324 5.182) 0.4916) 0.098 picted also in Figs. 8 and 9 for sample). Agreement be-
) 5.382) 0.3713) 5.247) 0.4358  0.070 tween the experimental spectrum and the simulation is fairly

good in spite of the fact that the interatomic distances or the
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TABLE VI. Results of EXAFS analysis of the Co-W shell.

) 70 anide Co Kedge 1 R, C,, andR; are given. The parameters fixed in the curve fits were
" 0 @) ) $$=1.00, Ni=15 and AE,=-5.0 eV[W-Co]" or
= 0.0 eV[W-Co]". N, is the total coordination number of the
S sol hof ! Cd'-W and Cd'-W shells. For the Cbratio, above XANES results
- (bl 3 in Table | were used.

S 40 o 1

! cd'-w cd'-w

2 30 () ] Sample R C, R C, Ry
_% a0 L | A) (1024 (A) (102 AY

5 oL | (b 53711 07450 5.26) 04712 0123
8 (© 5372) 02312 5143 02021 0.110
2 0l 1 (d) 5373 02018 5152 0.2516) 0.109
% o © 5436) 0.3241) 5.161) 0.178)  0.098

2 4 6 8 10 12 14 16

'

Wavenumber & (A)

FIG. 8. CoK-edge EXAFS oscillation function&®y(k) of

distances are considerably different from each other. The em-
ployed ranges areARc~1.05-2.00 A and Akcr
~4.0-14.0 A for the Co-N shell and ARge

samplesa—(e) (solid lineg, together with the simulated result us- ~4.35-5.60 A andAkcg~4.0-14.0 Al for the Co-W
ing FEFFe for sample(b) (dotted line$. Note that fitting variables shell. The parameters 66 N, andAE, were fixed through-
such asR andC, are not optimized. The temperatures of the mea-q;t the analysisSSz 1.00 for all of the shellsN,,,=6 and

surements are 300 K for sampl®, 30 K for samplegb)—(d), and
130 K for sample(e).

AEy=—5.0 eV for the Co-N shellN;,;=1.5 for the W-Co
shell, AE,=—5.0 eV for the W-Cd@l) shell, and AE,
=0.0 eV for the W-C@ll) shell. The ratios of C@l)/

Debye-Waller factors are not optimized. Although it is diffi- Co(lll) were estimated from the above Boedge XANES

cult to eliminate other possibilities for the local structure analysis.R and C, were obtained as fitting variables. The
around Co, the present model shown in Fig. 7 may be thgained structural parameters are tabulated in Tables V and
best candidate both from the chemical and EXAFS points 0| The errors were estimated in a manner similar to above.

view. For instance, if Co were coordinated by the NC Iiga”dAIthough some contributions in the 2-3.5 A range can be

of CNpy, the Co-C contribution around 2—3.5 A in Fig. 9

observed in Fig. 9, we have given up the analysis since too

would be as intense as the Co-N one, as in the case of W5y possible shells of the C atoms in N@nd pyridine are

L,,-edge EXAFS.

A curve-fitting analysis for the Co-N and Co-W shells was

overlapped.
In Tables V and VI, it is clear that the Qb)-N distance is

subsequently performed kspace. Here the two-shell analy- noticeably different from the Gdl)-N one by as much as

sis was basically employed since the(ILeN and Cdlll )-N

CoW cyanide |
Co Kedge

A
o
T

N w IS
= S =)

Fourier transform (arb. units)
>

0 1 2 3 4 5 6
Distance R (A)

FIG. 9. Fourier transforms of Fig. 8. The employ&k ranges in
the Fourier transforms were around 3—-16 (4 and were slightly
dependent on the samples.

~0.17 A. Correspondingly, the @b)-W and Cdlll)-W
distances deviates from each other. Comparing the results
with those in Table IV, the W-Qdl) distance (5.37
+0.02 A) is consistent with the Cb)-W one (~5.36
+0.02 A), indicating reliable estimation of the distance be-
tween Cdll) and W. The Cdll)-W distance (5.15
+0.02 A) is also in accordance with the W-Ilb) one
(5.19+-0.02 A) within the error range, although the devia-
tion is a little larger.

Judging from the distances obtained in Tables I-VI, the
alignment of—-W-C—-N-Co- isconfirmed to be almost lin-
ear as in the case of rocksalt-type Prussian blue analogs such
as CoFe cyanides’ This is reasonable because of the
bonding nature between metal cations and dNjands.

IV. CONCLUSIONS

We have investigated W.- and CoK-edge XAFS of
CoW cyanide. CK-edge XANES has clarified that the HT
phase consists of Cb)HS and the LT one of QI )LS. We
have also determined quantitatively the(IT@Co(lll) com-
position ratios by means of factor analysis. V| -edge
XANES has revealed that the W valency is pentavalent in the
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HT phase, while it is tetravalent in the LT phase. This con-structural changes are observed in the W(EM)it on the
clusion is based on the finding of the shoulder structure at thgpin transition, the Co-N distances are noticeably decreased
lower-energy side of the white line in the case of pentavalenpy as much as-0.17 A from the HT phase to the LT phase.
W. Upon spin transition, the Cod3electron is transferred to  The —Co—N-C—-W-configuration is found to be almost lin-
W 5d, and this is associated with the electronic configuratiorear. Since the structural change is quite drastic, the trapped
change from  Co(l)HS$=3/2)-W(V)(S=1/2) to HT phase is very stable at low temperature.
Co(llLS(S=0)-W(IV)(S=0). The HT phase is formed
not only by heating the LT phase at200 K but also by
irradiation of x rays at 30 K. Moreover, rapid cooling of the
HT phase allows the material to stay at the trapped HT phase The authors are grateful for the Grant-in-Aid for Scientific
even at very low temperatures. ResearchiNo. 10304059 from the Ministry of Education,
The local structure around W and Co atoms has been deulture, Sports, Science, and Technology. The present work
termined by WL,,- and CoK-edge EXAFS. The model has been performed under the approval of the Photon Factory
structure is schematically shown in Fig. 7. Although little Program Advisory CommitteéPF-PAC No. 2000G071
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