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Our study shows that metastable quintet state of spin crossover cofffa@pp,(NCS),] - py
(dpp=dipyridq 3,2-a:2,3'-c] phenazine, py:pyridine) at low temperatures may be realized by a
rapid cooling. The relaxation from quintet state to singlet spin at low temperatures depends on the
both of time and previous history of the sample. The U-shaped dents of the magnetic effective
moment depending on the temperature after initial rapid zero-field cooling indicate an obvious
affection of magnetic field to the realization of singlet state in the transition range. The observations
for this sample are indeed consistent with the fact that cooperative effects play a very important role
in the spin transition. ©1999 American Institute of PhysidsS0003-695(99)00426-X

The phenomenon of electron spin crossover, also knowr=1,10-phenanthroline The behavior of spin crossover
as spin transition, spin equilibrium, or spin trapping, has deshows an abrupt temperature dependence with a very wide
veloped into an important area of contemporary coordinatiothermal hysteresigabout 60 K, almost several hundred
chemistry as well as of applied physics over the last severalmes larger thafiFe(phen,(NCS),] does’ The existence of
decades since these materials have significant potential apysteresis, as proven in the previous worRS, establishes
plications in molecular switching, memory storage, and disthat spin transition proceeds as first-order phase transition
play devices. The feature of spin crossover occurs in someand present of cooperative effects. In this work, we showed
complexes of six-coordinate first-row transition metal as thehe realization of HS metastable state at low temperatures by
result of the electron spin instability. For certain complexesyapid cooling; the study of spin transition by controlling
the spin crossover can be induced by thermal energyspeed of cooling or warming; and the influence from mag-
pressuré, light irradiatior? [known as light induced excited netic field in the spin transition.
spin state trapping_IESST), and Reverse-LIESSTand soft All magnetic measurements were performed in a super-
x-ray irradiatiorf [soft x-ray induced excited spin state trap- conducting quantum interference devi@QUID). The mea-
ping (SOXIESST]. For an iron(ll) complex, the singlet suring procedure is as follows. The sample at room tempera-
state of F&" is a low spin(LS) state with spifS=0, which  ture was first loaded directly into the sample chamber at 5 K
is the stable state at low temperatures. It also exists as @ithin zero magnetic field. Twenty minutes was allowed for
metastable quintet state with a high spiS) of S=2. The  the sample to reach thermal equilibrium before a 0.1 T field
transition from the LS state to HS can be realized by LlESSTwaS turned on. The temperature dependence of the Suscepti-
or SOXIESST. Although itisin principle, pOSSible to induce b|||ty was measured in three sequences; W[‘(e)'e/varming
such a HS metastable state at low temperatures by rapi.gb from 5 to 300 K in about 3 Hp) cooling down from 300
cooling, the phenomenon has only been successfully demogg 5 K in about 7 hyc) warming up again from 5 to 300 K in
strated in a few systents. about 3 h. The warming and cooling rates are essentially

Recently, a new kind of irofil) spin crossover complex constant in each sequence. Figure 1 shows the result of such
[Fe(dpp2(NCS),] - py has been fabricatédThe structure has  temperature cycling for both susceptibility and calculated ef-
been determined by x-ray diffraction to be cis- fective moment per Fe ion for the three sequences of mea-
dithiocyanatobiscis-dithiocyanatobisdipyridd 3,2a:2,3'-c]  gyrements. After the initial rapid zero field cooliigFC),
phenazing where the more extended aromatic ring is eX-pelow 1M K a metastable HS state, instead of the normal LS
pected to show strong.intermoleculaf—w interactions to state, was realized. Increasing temperature in sequéce
enhance the cooperativity. The complex belongs to the faMgads to an abrupt spin transition from HS to LS at about 100
ily of spin crossover complexFe(phen,(NCS,l(phen followed by another sharp transition from LS back to HS
at about 165 K. The susceptibility curve in the sequetate
dElectronic mail: zhiyu@publicl.ptt.js.cn therefore has a U-shaped dent, indicating the trappings be-
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P [K] FIG. 2. The relaxation of HS state to LS state at 100 K for complex

FIG. 1. Dependence of the molar susceptibiltyottom and effective  [FEdPP2(NCS),]-py in two processesia) warmed up fron 5 K after a
moment per Fe ion(top) on temperature cycling in complex rapid zero field cooling antb) cooled down directly from 300 K.

[Feldpp,(NCS),] - py. The three sets of symbols represent different steps in

th le. . . .
e ovee consistent with the fact that cooperative effects are known to

play an important role for spin transition processes in the
tween HS and LS states. The presence of HS metastable staiglid > Fitting the curves to typical phase transition kinet-
at low temperatures indicates that the lattice structure in H&S, such as nucleation and phase propagation, turns out to be
state at room temperature is probably frozen by the rapioery difficult, because it involves complicated functions of
cooling, and that the rate of spin state conversion is relativelghe HS phase concentration in the sample. In the present
slower than that of the structure charfgeow temperature case, the cooperative effects are demonstrated by the differ-
HS metastable state induced by the rapid ZFC is reprodugnce between the U-shape curve in temperature @amnd
ible. Scans in sequencéb) and (c) confirm the two spin the thermal hysteresis loop formed in scdhy and (c), as
trappings seen ir(a). In sequenceb), cooling down the Wwell as the different relaxation behavior just shown. The
sample does not induce the spin transition from HS to Ldong-range order of predominantly like spinis probably
until around 100 K, and the LS state is maintained at loweroken into domain-like structures by rapid cooling, though
temperatures. In sequen@®, warming up induces a single the Fe ion remains on high spin state. The domain formation
LS to HS transition at about 165 K. Note that the transitionsmay be affected or perturbed by external conditions. There-
in (b) and(c) are both single processes, and they essentia”iﬁ)re the cooperative effects might be observed in stabiliza-
overlap with the U shape of curv@), establishing a strong tion of the spin state by external conditions such as magnetic
thermal hysteresis. field.

Close examination shows that in so@), the spin tran- There have been both experimental and theoretical
sitions are not as sharp as thosébnand(c), also the values Works on the influence of a magnetic field to the spin
of susceptibility are higher than that in the LS state. Thetransitioni®*In the[Fe(phen,(NCS),] complex, the transi-
apparent gradual and incomplete trapping to the LS state iion temperature was found to be lowered by 0.1 K by ap-
scan(a) is a manifestation of dynamic nature of the spinPlying a5 Tfield, and a more significant shiftwas expected
transition. The melting of the HS metastable lattice into thel much higher fields. In the present system, the magnetic
LS lattice is not only temperature dependent, but also timdield dependence of the spin trapping had also been studied.
dependent. For example, at 100 K, the transition of HS to Lg-igure 3 shows the U-shaped temperature scans of the sus-
needs abaul h toreach equilibrium(vide post).But in scan
(@), the total measuring duration from 100 to 165 K is less L A R R T
than 40 min, and is too short to reflect a complete conversion_,
of the HS state to LS state. In the subsequent cooling scarg
(b), the same temperature range took alh tocomplete,
therefore the LS state was much better established.

Figure 2 shows two examples of such spin relaxation at =
100 K, achieved by different processes. In the first measure- oL
ment, the sample was zero field cooled to 5 K, turning on a
0.1 T field, then warming up to 100 K. The measurements
(solid symbolg were made at 100 K after the temperature
has been stabilized. In the second measurement, the samp
was cooled in the 0.1 T field from 300 K directly to 100 K -
and measured again at 100 (§pen symbols There is an 0 50 100 150 200 250 300 350
appreciable difference between the two curves as the relax Temperature [K]
ation from th_e warming process takes about 20 min longe_ElG. 3. Temperature dependence of the molar susceptibility for complex
than the cooling one. Both of these measurements show SI8a(dpp,(NCS),] - py measured in different magnetic fields after the initial
nificant deviation from the first-order kinetics. This is indeedrapid zero-field cooling.
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ceptibility at various magnetic fields after the initial ZFC. In to have stronger conductive ability af electrons. This abil-
all cases, there is a U-shaped dent in the transition rangé will enhance the inter-molecular interactions and coop-
(100-165 K. However a stronger field induces more LS erative effects. It is also possible that intramolecular cou-
states in the temperature range. Our experimental resulding of the Fe ion with the molecular distortion occurred, as
agree to the predication of Sasakigxhibiting spin state predicated for Fg@hen,(NCS), by Sasakt!
stabilization on the influence of magnetic field. Note that In summary, we have studied the cooling speed and
even h a 5 Tfield, the susceptibility of the compound from cooling field dependence of the spin crossover in complex
the ZFC still has a higher value than that from the consefFe(dpp),(NCS),]-py. A low temperature metastable HS
quent field cooling(FC) in scan(b). The reason may be state is realized by zero field cooling or rapid field cooling,
claimed in two points(1) as the discussion of relaxation at however, it can be destroyed by slow field cooling. The spin
100 K (vide ante)the rate of spin conversion of the sequencetransition from HS to LS state is a dynamic process. The
(b) is faster than that of sequen@®; (2) but on the contrary, completion of the transition depends on both temperature
the measuring rate of the sequertibgis slower than that of and time, but on the other side, the completion is also per-
sequencéa). In fact, the time factor outweighs the field fac- turbed by the applied magnetic field. The effect of cooling
tor absolutely since a complete LS state was observed bffeld and cooling speed showed a new light onto the under-
Mossbauer effeftfor the sample at 80 K without magnetic standing the cooperative effect associated with structure
field. changing in spin crossover, although it is difficult to define
In order to see the effect of cooling speed and coolinghe relationship between the spin conversion and cooperative
field on the spin transition, we have performed the followingeffects.
experiments. In addition to the initial rapid ZF@me t ) ) )
=20 min, field H=0), we have performed rapid FQ ( 'Th|s work was suppqrted by the National Suence Eoun—
=20 min, H=0.1 T), slow ZFC (t=2h, H=0), and slow dation qf Jiangsu Provm,ce and t_)y the Natlonal Science
FC (t=2 h, H=0.1 T) individually before measuring the Foundation pf the _Peop_les Republic of China. Work at The
spin transition. Here the “slow cooling” refers to cooling J0NNs Hopkins University has been supported by NSF Grant

the sample gradually down 6 K over a 2 hspan, in contrast No. INT9600472.
to the rapid quenching previously mentioned. The tempera-
ture dependence of the magnetic susceptibility was then =~
; ; ; P. Gulich, A. Hauser, and H. Spiering, Angew. Chem. Int. Ed. E3d.
;.neasl_?red in the Samellv;/ag as ml stah Interestingly, the bl 2024(1994; O. Kahn and E. Codjovi, Philos. Trans. R. Soc. London Ser.
irst three processes all led to a low temperature metastable, 354, 359(1996; O. Kahn and C. J. Martinez, Scieng@g, 44 (1998;
HS state, whereas only the slow FC process led to a low E. Konig, Struct. Bonding(Berlin) 76, 51 (1991); H. Toftlund, Coord.
temperature LS. The observation of the low temperature HS Chem. Rev94, 67 (1989. _ B _
states in both slow and rapid ZFC processes also indicates: G: Drickamer and C. W. Franiglectronic Transitions and the High
L o ressure Chemistry and Physics of Soli@apman and Hall, London,
that the presence of magnetic field perturbs to the stabiliza- 1973: £. Meissner, H. Kppen, C. P. Kbler, H. Spiering, and P. Glich,
tion of metastable HS state. However, the magnetic field Hyperfine Interact36, 1 (1987; M. Konno and M. Kido, Bull. Chem.
alone, as in the rapid FC case, is not sufficient to remove thggog JP”?“n 329&9?136 b Kibler H. Snior SAH o
. - . . becurtins, P. ch, C. P. er, H. sSpiering, an . Hauser, em.
metastable HS ;tat'e. Only in the slpw field cooling process Phys. Lett105 1(1984: S. Decurtins, P. Gtich, K. M. Hasselbach, H.
can the magr_letlc field convert HS into the LS state before Spiering, and A. Hauser, Inorg. Che@¥4, 2174(1985; S. Decurtins, P.
the structure is frozen at low temperatures. Gitlich, C. P. Kdnler, and H. Spiering, J. Chem. Soc. Chem. Commun.
All the above observations indicate that cooperative ef-4g3oc(1|‘~|?85? AC- ngzefv J. Cge”,\;l- i’ﬂhyg-“' ti7‘31(F19\‘~/’V3-M | D
fects play an important role in the spin transition since the R;)peor MW, Seddon £ Sinn and N A Young, J Chorm Soe. Dalton
cooperativity is associated with the fact that the equilibrium Trans. 4371(1997.
geometries in the LS and HS states are different. The naturéG. Ritter, E. Kaiig, W. Irler, and H. A. Goodwin, Inorg. Cherd7, 224
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tion of this compound Fe(dpp),(NCS),] - py.f The crystal Dalton Trans. 3271998.

structure shows that ligand rings of molecules are stacked'(zl'g\é\g Midler, H. Spiering, and P. Glich, Chem. Phys. Lett93, 567
parallel to each othdiinterplanar distance is 3.5)Aforming  sp i Everett, Trans. Faraday ScD, 1077 (1950 50, 187 (1954, and
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