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The local structure of a trapped photoexcited state of a Fe-Co cyanide magnetic material,
Nay 4Co; sFe(CN)-5H,0, was investigated by Fe and Gcedge x-ray-absorption fine-structure spectros-
copy. The excited state was prepared by visible-light irradiation at 36 K. In order to obtain detailed structural
information, temperature dependence of the local structure was also studied without light irradiation. The Fe-C
distance shows almost no change by light irradiatibi®2 A before and after irradiatipnwhile the average
Co-N/O distance is noticeably elongatdd94 and 2.08 A before and after irradiation, respectivdifzis phase
transformation is caused by the charge transfer from tf¢3=e0)-CN-Cd" (S=0) configuration to F&(S
=1/2)-CN-Cd'(S=3/2). The local structure of the trapped photoexcited state was found to be identical with
that of the high-temperature phase, although the high-temperature phase was created much more effectively by
light irradiation than thermal activatiofS0163-182@9)00637-2

[. INTRODUCTION XAFS analyses of several Fe-Co cyanide systems at 30 and
296 K8 Here, the electronic states of Fe and Co strongly
Prussian blue analogs have recently attracted great intedepend on temperature as well as the material. In the previ-
est because of their various characteristics as molecular magus study, the Co(ll):Co(lll) composition ratios for various
nets. It is especially emphasized that magnetic properties ¢fe-Co cyanides which is dependent on temperature were
prussian blue analogs can be modified easily by substitutinguantitatively determined by the factor analysisf the
and/or mixing various transition metal ions such as V, Cr,XANES (x-ray-absorption near-edge structuspectra. The
Mn, Fe, Co, and Ni. High critical temperaturesT_j local structures were also elucidated by the EXARES-
have been reported; for instancd.=315 K for tended x-ray-absorption fine-structuspectroscopy.
V[Cr(CN)s]o.se 2.8H,0 (air sensitive* and T,=270 K for The property of light-induced ferrimagnetization men-
Cr, 1{CN); (air stabl@.? TheseT, values are in the highest tioned above is also quite attractive. The Na and K salts of
region among the molecular-based magnets that have ev#re Fe-Co cyanides exhibit the magnetic phase transitions. At
been prepared to date. On the other hand, 8a&b> discov-  low temperature the electronic configuration of Fe(ll) and
ered the induction of a magnetic phase transition in Fe-C&o(lll) is stable, while at high temperature the(Fe-Co(ll)
cyanides by optical  stimuli.  Although both configuration is dominated due to larger entréfy. When
Nay 4.Co; JFe(CN) and Ky ,Co; sFe(CN) are paramagnetic the sample is irradiated by visible lights at low temperature,
down to 2 K, they become ferrimagnets upon visible-lightthe photoexcited state is trapped and shows ferrimagnetism.
(500—750 nmirradiation. Up to~100 K, the ferrimagnetic The trapped state is stable up 46100 K3 In the present
behavior is preserved. Moreover, upon irradiation of nearstudy, we have investigated the electronic and local atomic
infrared light (1319 nm), the phases turn back to the para- strcutures of NguCo, sFe(CN)-5H,0 after visible-light ir-
magnetic ones. radiation at 36 K by means of XAFS spectroscopy. Struc-
Structural information on the prussian blue analogs igural and electronic changes have also been studied by heat-
quite important to understand these interesting magneting the irradiated sample to higher temperatures. Although
properties. Since it is very difficult or impossible to preparequantitative structure determination of photoexcited states is
single crystalline samples for x-ray-diffraction measure-seriously limited because of the lifetimes, the present system
ments, x-ray-absorption fine-structup€AFS) spectroscopy can well be trapped at low temperature and thus be suitable
is useful. We have recently performed Fe and ICedge for structure studies of photoexcited states by means of
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XAFS spectroscopy. Moreover, in the present study, tem-
perature dependence of the XAFS spectra was investigated in
detail without light irradiation in order to compare the local
structure of the trapped photoexcited state with those of the
low- and high-temperature phases.

5 Fe K-edge T

Il. EXPERIMENTAL

Nag 4C0; sFe(CN)-5H,0 was prepared electrochemi-
cally. Details of the sample preparation is described
elsewheré. Fe and CoK-edge XAFS spectra of the Co-Fe
cyanide were taken in the conventional transmission mode at
the Beamlines 7C and 10B of the Photon Factaperation o L9 |
energy of 2.5 GeV and stored current of 400—200)raf\the ' : '
Institute of Materials Structure Scienté” Si(111) double 7100 720 7140 7160 7180
crystals(the first crystals were cooled with watevere em- Photon Energy (eV)

ployed as a monochromatolr without focusing. In order to FIG. 1. Experimental F&-edge XANES spectra in the sequen-
reduce higher-order harmonlcs_, the dOUble_CryStaIS Were d‘%i'al visible-light irradiation experimentga) before irradiation at 36
tuned by around~40%. No mirrors were inserted in the y () after irradiation at 36 K(c) heating the irradiated sample to
present setup. The intensities of the incident and transmittegsy K, and(d) subsequent heating to 300 K. In the Reedge

x rays were recorded using ionization chambers filled withspectra, the position of the first resonance is indicated by a vertical

No. line to see the energy shift more clearly.
For the temperature dependent XAFS measurements at

the Beamline 10B, the sample was diluted with BN and;yestigated. It is noted that no detectable creation of the
pressed to prepare a digdiameter of 12 mm The Fe  yanned photoexcited state by x rays was seen in any mea-
K-edge jump was estimated to be 0.45, while the maximumy,rement. This was confirmed by our temperature-dependent
total absorption coefficient was less than 3.0, this implyingneasurements where at low-temperature regions no mean-
less importance of the higher-harmonics contribution. Foringful changes were observed among continual XANES
the XAFS measurements at 36-300 K, a closed-cycle Hgcans, This is quite reasonable since the absorption cross

refrigerator was employed, while for the higher-temperatur&ection for x rays is several orders of magnitude smaller than
measurement$300—-360 K, a simple electric furnace was iyat for visible lights.

used. Typical data acquisition time was 1 s/point for XANES
and 2 s/point for EXAFS, and we recorded 21 Keedge
and 11 Fek-edge XAFS spectra for the temperature range of l. RESULTS OF XANES
36-360 K.
For the experiment of visible-light irradiation at the A XANES
Beamline 7C, the sample was not diluted with BN but dis- Figures 1 and 2 shows, respectively, the Fe and Co
persed on a Scotch tape in order to make the Samp|e ég—edge XANES Spectra for the V|S|b|e-|lght irradiation ex-
transparent as possible for the visible-light irradiation. ThePeriment. First of all, let us compare the spectra before irra-
resultant FeK-edge jump was only 0.03, which was much diation (a) with those at 300 K(d). One can find clear dif-
smaller than the one for the temperature-dependent measugrence in the C-edge XANES spectra, exemplifying the
ments, indicating worse signal-to-noise ratios. occurrence of the phase transition, while the Ikedge
The sample was first cooled down to 36 K and the Fe anaKANES spectra look similar to each other. According to the
Co K-edge XANES spectra were recorded. Subsequently therevious studie$?® the Fe ions are exclusively divalent at
sample was irradiated by visible lights from a halogen lampthe low-temperature limit. This implies that the composition
for 30 min. In order to avoid a temperature rise during irra-ratio of Cdlll) is 76.9% within the accuracy of the elemental
diation, an Al foil was inserted between the sample holdei@nalysis. Both the Ké) and Cdlll) ions are in the low-spin
and the Scotch tape. A small amount of Reedge jump States of (8lt,5)®(3dey)° (S=0), while the minor Cdl)
from impurities in the Al foil was observed0% of the edge  ions (23.1%) are in the high-spin state of @3,,)*(3de,)*
jump of the sample Thus the FeK-edge spectra from the (S=3/2), which shows paramagnetism. At temperatures
sample were resultantly obtained by subtracting the one frorhigher than~260 K, the phase transition occurs, which is
the Al foil only. The data acquisition period was 2 s/point for ascribed to the charge transfer from (e to Calll);
XANES and 4 s/point for EXAFS. The present irradiation namely, the F&CN-Cd" configuration turns to the
time of 30 min should be long enough to obtain sufficiently F€"-CN-Cd' one. Here the Rél) ions are again in the low-
saturated concentration of the photoexcited states since tts@in state of (ﬁtzg)s(sdeg)0 (S=1/2), and in the pure
spectral features irradiated for 5 min was found to be idenhigh-temperature phase all the Co ions are in the high-spin
tical to those for 30 min. The photoexcited state was stabl€o(ll) state.
completely during the XAFS measurements. Since the spin state is different between 36 and 300 K for
In order to observe the phase transformation, the irradiCo, the CoK-edge XANES spectra exhibit noticeable change
ated sample at 36 K was heated up to 150 and 300 K, and ttes in Fig. 2. On the other hand, the Fe ions are in the low-
spectral changes of Fe and ®eedge XANES were finally spin state irrespective of the Fe valency. Thus th&fezige
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FIG. 4. Fe and Cd-edge EXAFS oscillation functioris>y(k)
and their Fourier transformga) before irradiation at 36 Ksolid
Photon Energy (eV) line) and at 300 K(dashed ling and(b) after irradiation.

FIG. 2. Experimental C&-edge XANES spectrésolid line) in
the sequential visible-light irradiation experimenta before irra-  tively, 7127.9 and 7129.4 eV A smaller energy shif(0.7
diation at 36 K,(b) after irradiation at 36 K(c) heating the irradi- €V vs 1.5 eV might be reasonable because of mixture of
ated sample to 150 K, an@) subsequent heating to 300 K. In the Fe(ll) and Félll) in the present material both at 36 and 300
Co K-edge spectra, the results of the factor analysis are also giverK.
The Cdlll) composition ratio is given numerically, and the esti-  After visible-light irradiation at 36 K, the Cd-edge
mated pure C@l) and Cdlll) spectra are plotted as dot-dashed andspectrum changes drastically, this clarifying that the trapped
dashed lines, respectively, where the edge jumps correspond to tle&cited state was successfully obtained. The spectrum is
composition ratios. For further details, see text.
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XANES spectra resemble each other. A small edge energy % sl exptl, —— |
shift to a higher energy side can nevertheless be seen from e sl fitted - 1
Fell) (36 K) to Felll) (300 K), which is indicated by ver- c
tical lines at the first resonances in Fig. 1. The first peak-top S 'r /\A AN A~ T
energies at 36 and 300 K are 7128.2 and 7128.9 eV, respec- g0 v A
tively (note here that the absolute photon energy was not 2F T
necessarily calibrated and that only the relative energies Par Co-N & Co-C |
should be discussedOn the other hand, those for reference § 3t -
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FIG. 3. Temperature dependence of thglCd composition ra- FIG. 5. Examples of the curve-fitting results for the Kedge

tio. The results of the light-irradiation experiments are also given EXAFS analysis for the present sample at 300 K. The upper panel
For the temperature dependence measurements, two different rugaes the results for the Co-N and Co-C four-shell fits, while the

were carried out using independently prepared samples. The irradiewer panel shows those for the Co-Fe two-shell fits. For details,
ated sample was the same as that used in run 2. see the text and Ref. 6.
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_ FIG. 6. Tempe_rature dependence of the Fe-C, Fe—_N, and Fe-Co FIG. 7. Temperature dependence of the Ge-), Co-C, and
distances determined by the Feedge EXAFS analysis. For the ¢, ke gistances determined by the Beedge EXAFS analysis.
F(_e-hC(r)] shell} t::e average F((ja-Co distance is arl]so plittﬁd,l_tohgethgrhe distances of each Co component are plotted, together with
W'td.t oze oft T Fe-CIdiI) ar:j Ee-CC?II) ones. Those of the light- those of the light-irradiated sample. The average distances for the
irradiated sample are also depicted. temperature dependence are also depicted.

rather similar to that at 300 K, implying that the dominant the irradiation experiments are indicated in Fig. 2, and are
Co species is in the high-spin @b state. A small edge plotted in Fig. 3, where the temperature-dependent measure-
energy shift in the Fé&-edge spectrum was also observed.ments are also included. In Fig. 3, two different results for
The first peak top appears at 7129.1 eV, which means ththe temperature dependence are gitrem 1 and run 2 The
energy shift of 0.9 eV. This is consistent with correspondingsample employed in the irradiation experiment corresponds
change of the Fe valency from @ to Fe€lll). Upon heat- to run 2. Although the absolute @t ) contents are slightly
ing the irradiated sample to 150 K, the ®eedge spectra different between run 1 and run 2, the transition temperature
turned back to the low-temperature ones, this implying thaseems identical and the reproducibility of the samples and
the trapped excited state at 36 K is thermally deexcited to theneasurements is considered to be satisfactory.
ground state at 150 K. The first peak top in the K-edge Before irradiation, the Qdll ) ratio was found to be 0.708.
XANES is seen at 7128.2 eV, which is also identical with Although the value seems to be a little smaller than the ideal
that at 36 K. For further heating to 300 K, the sample underone for the low-temperature phagg769, one can regard
went the phase transition to provide the high-temperatur¢he sample as almost the pure low-temperature phase. After
phase. irradiation, the Cd@ll) ratio was reduced to 0.168, which
In our previous stud§,we found that the CcK-edge implies that a dominant species is derived from the high-
XANES spectra allow us to estimate the(@b composition temperature Cdl) phase. After heating of the irradiated
ratios quantitatively through the factor analySi$n the  sample to 150 K, the Gtl ) low-temperature phase recovers
present analysis, we can employ lots of K@dge data sets almost completely. After heating to 300 K, the thermal phase
(not shown in figureswhich were taken in the temperature- transition takes place, and the @b) ratio is again reduced
dependent measurements and contain temperature-dependen0.302, which means that most Co atoms are in the high-
composition ratios. We have performed a similar factortemperature phase.
analysis to obtain the composition ratios and the pure spectra One can here note that the irradiated sample contains
of the Cdll) and Cdlll) species. The numerical results in larger amount of the Qdl) high-temperature phase than the
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sample at 300 K. A small amount of the @b) phase was features of the Fe-C and Fe-N shells among the three spectra
nevertheless observed, although in an ideal case tligl Co (irradiated, 36 and 300 Kdo not differ so much from each
phase should disappear completely. Since the irradiation pether, this indicating little structure change of the Fe(gN)
riod was found to be sufficiently long to yield a saturatedunit irrespective of the charge difference. On the other hand,
concentration of the excited state, the presence of a smathe Fe-Co shell exhibits clear temperature difference and the
Co(lll) fraction may be caused by more intrinsic origins. irradiated sample shows a complicated split feature, this in-
Some areas may have a shorter life time. Defects, particl@icating significant structural changes around Co.

surfaces or crystal water may play a significant role. Drastic changes concerning the local structures around Co
are actually observed in the G¢-edge EXAFS spectra. In
B. EXAFS the Fourier transforms of the Cié-edge EXAFS, one can

The EXAFS analysis was carried out also in a similar29ain find three dominant contributions-atl.4-1.7,~2.5,

manner to our previous pap&The EXAFS oscillation func- and ~4.3—4.6 A, which are assigned to the Co-N/O, Co-C,
tions k3y(k) were obtained by means of standard analysisf"‘”d,CO'Fe shells, respeptwely. The first sh_eII of QO-N/O
procedures: pre-edge baseline subtraction, post-edge badRiPlies that the O atom in water molecules is additionally
ground estimation using cubic spline functions and the norg:oc_>rd|na_t_ed to make_ the Co coordlnauo_n saturated. S|_nce the
malization with the atomic absorption coefficiehtsigure 4  ionic radii of high-spin Cdl) and low-spin Cdll) are quite
shows the EXAFS functionk®y(k) and their Fourier trans- different from each other, we should take account of four
forms for the irradiated sample at 36 K and the nonirradiatedndependent shells of @l )-N, Ca(ll)-N, Caolll)-C, and

one at 36 and 300 K. The employad ranges in the Fourier Co(Il)-C in theR range of 1-3.3 A. Due to such a complex-
transforms were 2.8—12.1 (&) for FeK-edge and 2.8—12.2 ity, additional peaks such as a sidelobe-&.0 A for the 36
(A1) for Co K edge. K spectrum appear strongly.

In the Fourier transforms of the Re&-edge EXAFS, one In order to obtain the interatomic distances, the curve-
can find three dominant contributions atl.4, ~2.5, and fitting analysis was performed ik space. Details of the fit-
~4.3 A, which are attributed to the Fe-C, Fe-N, and Fe-Cating procedures are given in our previous refdfor the Fe
shells, respectively. Because of a linear configuration of th&-edge EXAFS spectra, since the ionic radii of(lFeand
Fe-C-N-Co chain, the Fe-N and Fe-Co shells are noticeablig(lll) are almost the samoth are in the low-spin statges
enhanced due to the multiple-scattering focusing effect. Thaverage distances can be obtained. The analysis of the Fe-C
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TABLE I. Interatomic distances of NaCo, sFe(CN)s;-5H,0 215 T T T T
determined by the Fe and GGedge EXAFS analysis. < 21 ey |
[ N

Co Before irrad.  After irrad. Heated 9.', 205 | T T o 4

valence  at 36 K at36 K  at 300 K S | e N CoN
&g =N ]

Cd" ratio 0.693 0.168 0.338 2 R
Z195} + Oeg 8

R e S,

Fe-C 1.916100  1.92420)  1.93310) S 1o T Fe-C .

Fe-N 3.042) 3053  3.052) o g | Aferimad. . .

Fe-Co () 4.953) 4.974) 4.984) 0 0.2 04 0.6 0.8 1
an 5.135) 5.155) 5.165) Co™ composition ratio
av. 5.003) 5.124) 5.14(4) - . . . T

L3Bx .

Co-N/O () 1.891) 1.942) 1.922) 2 32 | “"i\\ i
(I 2.0503) 2.113) 2.113) g TP o0 |
av. 1937100  2.07520)  2.04420) 3 afterimad.  “un_ 20"

Co-C 1y 3.053) 3.025) 3.065) = 31F = ﬂh\ﬂ# b
) 3.195) 3.225) 3.225) 2 .05 koo ok 1
av. 3.092) 3.183) 3.173) o T Fe-N *

Co-Fe () 4.983) 4.975) 4.985) « 3 afterimad. . . ]
(m 5.2005) 5.185) 5.2005) 0 0.2 0.4 0.6 0.8 1
av. 5.043) 5.144) 5.134) Co™ composition ratio

Lsos | ' Fe-CoforCojsFe(CN)s x -
. i . . —_ Co-Fe for Co; sFe(CN);  *

and Fe-N shells is rather straightforward since each contri- 8 524 . Co-Fe o

bution can be separated by the Fourier filtering and a refer- & o e aﬂer':ifrf; .

ence material of KFe(CN); is available. '1%5'15 [ . el @ ' 1

On the other hand, the analysis of the Fe-Co shell requires = 51t $ E‘%ﬂ N

a two-shell fit because the Fe-@lg and Fe-Cdll ) distances E after irrad. "*++~~,;5q Co-Fe

are noticeably different from each other. We already know, S 5.05 E“*Eﬁf i T

however, the C@l):Co(lll) composition ratios through the 9 5| Fe-Co g -

above factor analysis of Ck-edge XANES. Moreover, the & 0 0'2 0'4 ole ols 1

coordination numbers can be expected assuming the struc- . o .
ture of a prussian blue; the local structure around Fe is Co™ composition ratio

FE(CN)sCas where the subscripts denote the coordination s g average interatomic distances as a function of the

number. Thus if the edge-energy shifie, is referred 0y composition ratio. For comparison, the results of
from the previous worR,the fitting parameters are only the Co, Fe(CN), are also giver(Ref. 6.

distance and the Debye-Waller factor for each shell.

In the case of the Fe-Co shell, four parameters should be The analysis of the Co-N/O and Co-C shells are compli-
fitted, this being rather simple. Here, since no reference speeated since there exist four inequivalent contributions of
tra are available, the theoretical standards given by FEFFE€o(Ill )-N/O, Cdll)-N/O, Cdalll)-C, and Cdll)-C, even
(Ref. 8 were employed. In this calculation, a cluster of oc-when the first-nearest neighbor Co-N and Co-O shells are
tahedral Fe(CN)Co; was assumed. There exists a possibil-regarded as identical. This requires eight fitting parameters,
ity of some local buckling of the Fe-CN-Co chain which was each shell containing two parameters of the distance and the
assumed to be collinear in the present analysis. This effect Bebye-Waller factor. As described in the previous p&per,
reported in mixed alkali halide$. The previous analysfs, however, reliable results were consequently obtained. In
however, shows that the average Fe-Co distances obtain¢idese multishell analyses, reliable analyses could not have
agree excellently well with the lattice constants given by thebeen carried out without knowing the the @b) composi-
power-diffraction patterns, this indicating that the effect oftion ratios. Information from the XANES spectra is essential.
local buckling could be neglected with a rather high accuracy The analysis of the Co-Fe shells was performed in a simi-
also in the present photoexcited system. lar manner to that of the Fe-Co shells in the Reedge

In the CoK-edge EXAFS analysis, since no suitable ref-EXAFS. Examples of the fitting results are depicted in Fig. 5
erence materials can be prepared, the FEFF6 standard wiasth for the Co-N/O and Co-C four-shell fits and for the
employed assuming a cluster of Co(NE¥®;. Note here that Co-Fe two-shell ones of the present material at 300 K. Ex-
in real systems the local structure around Co iscept for the lowk region of the Co-Fe shelbmitted in the
Co(NC),61(H,0), 3d €461 because of different contents of fitting procedure and not shownthe agreements between
Fe and Co. The present FEFF standard thus implies that thhe experimentally extracted spectra and the FEFF-based
Co-OH, shell is assumed to be identical to the Co-N shell,simulations are satisfactory.
this being reasonable because of similar scattering ampli- The analyzed results of the interatomic distances are de-
tudes between N and O. picted in Figs. 6 and 7 as a function of temperature. Table |
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summarizes some numerical values. In order to verify theexperimental and/or analytical errors, although more amount

reliabilities of the interatomic distances, the temperature deef the high-temperature phase is obtainable with light irra-

pendence of the average Debye-Waller fact@sdor all the  diation rather than with heating.

shells analyzed are also plotted in Fig. 8. For the Fe-C and

Fe-N shells, because the interatomic distances are almost the

same between ) and Félll ), the temperature dependence

of C, is quite small, which originates dominantly from the  The present work demonstrates that the XAFS spectros-

enhancement of the vibrational amplitude with a temperatureopy was successfully applied to the local structure determi-

rise. On the other hand, those for all the other shells are moneation of a photoexcited state which is effectively trapped at

temperature dependent because of the additional and molaw temperature. We have measured and analyzed the Fe and

important origin of coexistence of @) and Calll ), whose Co K-edge XAFS spectra of the photoexcited state of

ionic radii are essentially different from each otlieee Fig. Nay 4Co; Fe(CN)-5H,0 at 36 K. Owing to detailed

7). Since the temperature dependenceCgfis too compli-  supplementary investigation on the temperature-dependence

cated to obtain thermal properties of the Co bondings in thisneasurements which cover both the low- and high-

material, no quantitative discussion would be necessary faemperature phases, the amount of théllCpratios was de-

the present purpose. termined quantitatively through the factor analysis of the
As observed in Fig. 7, the interatomic distance for eachKANES spectra. The local structure of the excited state was

Co component shows less temperature dependence, while tfeund by the EXAFS analysis to be identical with that of the

average distances for @b and Cdlll) are elongated when high-temperature phase within the experimental/analytical

temperature exceeds200 K because of the increase in the errors. The Fe-C distance shows almost no change on light

Co(ll) composition ratio at high temperature. Although it is irradiation (1.92 A before and after irradiatipnwhile the

hard to compare the results of the irradiated sample witlaverage Co-N/O distance is noticeably elongate@4 and

those of temperature dependence, the interatomic distanc@98 A before and after irradiation, respectivetiue to the

for each Co component look similar. In order to make itcharge transfer from the HeCN-Cd" configuration to

more clearly, the average interatomic distances are plotted &"-CN-Cd'. It was also clarified much higher composition

a function of the C@ll) composition ratio. This is shown in ratio of the high-temperature phase can be achieved by the

Fig. 9. In these plots, the previous restisse also included visible-light irradiation than by thermal activation.

for Co, sFe(CN);, which consists of high-spin @) and

low-spin Felll) (almos} irrespective of temperature. Al-
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