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We have introduced the two-channel Sherrington-Kirkpatfi8K) model to account for the temperature
dependency of the magnetization of TDAEy@neasured under very small magnetic field of order of 0.1 Oe.
The two-channel SK model includes another glassy degree of freedom than spins. The second glassy degree of
freedom couples to spins and hence has influence on the magnetic properties. This model is successful in
explaining the rapid increase of the field cooliflC) magnetization in the low-temperature region below the
freezing temperature as well as the onset of the remanence, the difference between the FC and zero-field
cooling magnetization, found in the experiment, both of which are difficult to explain simultaneously by the
standard spin-glass models or ferromagnetic domains. While the phase in the two-channel SK model we found
relevant for the experiment is quite different from the standard spin-glass models in the meaning described
above, it has a similarity with the mixed phase of the SK model, in the meaning that both the Edward-Anderson
order parameter and the spontaneous magnetization have nonzero values. This does not contradict the muon-
spin-relaxation experiment, which shows the existence of the spontaneous magnetization in JPAEeC
have also discussed the possible microscopic origin of the second glassy degree of freedom.

Magnetism observed in TDAEgis one of the most in-  spin-glass-like behavior in TDAE<g is one of the greatest
teresting physical properties in the series of the fullérife. concerns in this field. We need more convincing evidence to
While the mechanism of superconductivity & Cq is al-  conclude if TDAE-Gg is a spin-glass system or not. Whether
most resolved with the electron-intramolecular-vibrationTDAE-Cg, can be explained with the standard spin-glass
(e-MV) coupling modeft~7 which is quite different from models or not should be investigated in much more detail.
that of cuprates where short-ranged strong electronic corre- Recently, Tokumotaet al. have observed the remanence,
lation effect is essentidl® the mechanism of the magnetic the difference between the field-cool€dC) and the zero-
phenomena in TDAE-g has not yet been explored wélt™*  field-cooled (ZFC) magnetization in TDAE-g, under the
Possible transition or freezing temperature of the ferromagvery small magnetic field of order of 0.1 G2In Fig. 1, we
netic or the spin-glass state is thought to be about 10-15 Kummarize the experimental restilof the temperature de-
by experiments, which is quite larger than the ferromagnetipendence of the FC and the ZFC magnetization. Below the
transition temperature of other existing organiconset temperature of the remanence, after making a broad
compounds$?®® Alloy complexes TDAE-( Go)1-x(Cro)x
were studied. It was found that the suppression of the mag-
netic transition temperature is weakly dependenkdfi The
authors of Ref. 14 concluded on the basis of their experimen-
tal result that TDAE- @, is a three-dimensional magnetic
system, in spite of the fact that itscentered monoclinic
structure is suggestive of one dimensionality.

Some recent experimental results obtained with pulsed
electron-spin resonance and ac magnetization depict the
spin-glass picturé>!® It has recently been found that the
annealing temperature in the sample preparation process may
correspond to the composition parametein the metallic 0 10 20
alloy compounds that exhibit spin-glass phenom€na. TK)

This suggests that the mean value and the standard devia-
tion of the Gf_;lussian distribL_Jtion_ o_f the _exchange iqteractions FIG. 1. The experimental FQupper curvg and ZFC (lower
and their ratio are related implicitly with the rotational de- ¢ryg magnetizations. The magnetization is given in arbitrary
gree of freedom of eachggmolecule in the bulk TDAE-  ynjits. H=1.0 Oe. The temperatuf® is in Kelvin. The onset tem-
Ceo- Indeed, merohedral disorders and even the rotationgerature of the remanence is about 10 K. Below the onset tempera-
glass transition are found in the simple culgc) phase of ture, after making a broad peak at the onset temperature, the FC
neutral G, solid!® The possible relation of such rotational magnetization gets larger as we go down to the low temperature.
disorders whose energy scale may be of order 100 K witiMore details should be found in Ref. 19.
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peak at the onset temperature, the FC curve increases as where the first two terms are just the SK Hamiltonian for
go down to low temperature. The FC magnetization does natpins and the third term is the SK Hamiltonian for the second
saturate below the freezing temperature, in sharp contrast egree of freedom, whose origin is not known, and the fourth
the standard spin-glass models such as the Sherringtoterm is the Hamiltonian to represent coupling between these
Kirkpatrick (SK) model?® The FC magnetization measured two degrees of freedonh is external magnetic field. The
by Tokumotoet al. is consistent with that obtained by Alle- exchange interactiony; and interaction©;; have indepen-
mandet al! There may be something missing in the standarcdent Gaussian d|str|but|ons of the mean vaIt]e$(N 1),
spin-glass models to account for the glassy magnetism foun@,,/(N—1) and the standard deviationd,/(N— 1),
in TDAE-Cg. It should also be pointed out that the FC mag-0, /(N—1)Y2
netization does not show a step-function-like increase at the
onset temperature of the remanence, which is often found
experimentally in ferromagnetgossibly due to the ferro- N—1\12 [Jij_Jm/(N_l)]z
magnetic domain®* We are not able to exclude the possibil- (Jij) = ( 573 ) e ;{— 232(N=1)
ity of either the superparamagnetism or the ferromagnetic v
domain walls to explain the behavior of the magnetization in d
the most rigorous sense. The possibility should be examine
by various experiments.

To explain the experimental results of the temperature de- 1 )
pendence of the magnetization, we have introduced the two- o —1) exd — [Oij—Om/(N—1)] @
channel SK model defined as follows: W\ 2708 202/(N—1) ’

}, 2

respectively.
_ e _ _ DpD oD We have adopted the Thouless-Anderson-Palmer
B TS5 hzi S B QiR B KSSRR: method? to solve the two-channel SK model. The mean-field
(1)  (MF) free energy for each configuratidy andO;; is*®
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where m;=(S;) andr;=(R;). We have neglected the On- S = (X n—1]1? .
sager terms such as: B=;.;J;(1—mf)(1-m?), etc. for SAICAAL <10°, (7)
the free energy just for S|mpI|C|ty to handle the two coupled an
MF equations: where ), is m; or r; in the nth iteration of the MF equa-

tion. Hereafter, we také, as the unit of energy and tempera-
ture, and hencd,=1. Because the photoelectron spectros-
copy measurement resulted in one-electron transfer from
5 TDAE to Ceo2® the spin quantum numbed should have
been 1/2, but we substitute it wit=1. We have also used
the quantum number 1 for the pseudo Ising spin describing
the second glassy degree of freedom. These are just for sim-
_ - N plification of the numerical calculations.
r,—tanf{ ’8; (O|J+Kmlm])r]]. © The temperature dependencies of the FC and the ZFC
magnetizations of the two-channel SK model were calculated
One should also keep in mind that the MF equation is just tand are shown in Fig. 2. The ZFC stateTat 0.1 was gen-
ensure a stationary state rather than a minimum state. It srated by cooling the system with=0 from T=4.0. Care
known that such simplifications do not incur qualitative dif- should be taken if the unique ZFC state could be generated,
ferences from results obtained with more elaboratewhile avoiding the numerical accuracy problem in the con-
calculations’* We adopted the Box-Mlar algorithm to gen-  vergence check. The ZFC magnetization was calculated by
erate the Gaussian distribution{d; } from the uniform ran- ~ warming fromT=0.1 by using the ZFC state generated, de-
dom number produced in the computer. The following con-scribed above as an initial guess for the self-consistent-field
vergence criterion was adopted in the two coupled MKSCH iteration. The SCF solution was used as an initial
equations for bottm; andr; : guess for the next calculation at the subsequent temperature.

mi=tan?’{/32 (J” +Kr,rJ)mJ+,8H y
i#]
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0.75 The microscopic origin of the second glassy degree of
freedom other than spins is beyond the scope of our phenom-
—O— FCH=0.9) enological theory. Taking into account the small magnitude
0.50 --@-- ZFC (H=0.1) of interaction strength imposed on the second glassy degree
of freedom, we may, however, suppose that the pseudorota-
tion degree of freedom due to the Jahn-Teller effect on each
Ceo molecule might be one of the possibilitiesg,Chas the
Jahn-Teller instability. In the monoaniongg£, there are
three local minima withD 54, Dsg, and Dy, symmetries®
0.00 0 1 > 3 The transition between these minima may be called a pseu-
THy dorotation. Each minimum corresponds to different orienta-
tions of the wrinkle nearly on the equatorial line of thg,C

FIG. 2. Calculated temperature dependencies of thedpén ball with the north pole Qefined bY each symmetry éﬁ_ig
circles connected by the solid linand the ZFC(closed circles N the TDAE-Gy solid, different orientations of the wrinkle

connected by the dotted linenagnetizations of the two-channel SK May bring small energy differences into the intermolecular
model. The ratioJ,,/J,=0.0. 0,,=0.4, 0,=0.3, H=0.1, and interaction of order of 1 K. The Jahn-Teller contribution to

K=1.1, respectively. The unit of energy Js and hencel,=1.0.  the intermolecular interaction energy may also depend on the
The unit of temperaturg is alsoJ, . After making a broad peak at orientational configuration of eachggCball in solids. Ran-
T=1.5, the FC magnetization increases rapidly as we go down telomness of the orientational conformation of eagp 1@ol-
low temperature. The onset temperature of the remanence is aboggyle may bring about the Gaussian distributgJ;;) for
T=0.5, but the difference is not so large before the ZFC magnetimxchange interactions between spins as well as the Gaussian
zation makes a sharp peakfat 0.2. BelowT=0.2, the remanence gjsribution P(O;;) for the Jahn-Teller contribution of the
becomes rather large. intermolecular interaction energy. As each interacting spin is
almost on the wrinkle on eachggball, we expect that there
The FC magnetization was calculated by cooling fromare some contributions to the exchange interaction that de-
T=4.0. The temperature intervalT betweenT=4.0 and pend on the orientation of the wrinkle.
T=1.0is 0.2 but it is 0.1 betweefi=1.0 andT=0.1. We To summarize, we have succeeded in explaining the tem-
used the parameter value},=0.0, J,=1.0, O,=0.4, Pperature dependence and the remanence of the magnetization
0,=0.3,H=0.1, andk =1.1. The number of sites we used- 0f TDAE-Cq by introducing the two-channel SK model. The

was 200. 500 independent configurations for edghand ~ rapid increase of the FC magnetization in the low-
O;; were generated. The FC and ZFC magnetizations wertemperature region rather than the saturateq magnetization
plotted by closed and open circles, respectively. The unit ofust below the freezing temperature characteristic of the stan-
temperatureT is J,. The magnetization starts to increase dard spin-glass models may be interpreted as a consequence
slowly at aboufT =2.0. The magnetization has a broad peakOf the interaction between spins and the second glassy degree
at T=1.5, but it is flat betwee=0.5 andT=1.5. Below ©f freedom. The interaction energy of the second glassy de-
T=0.5, the FC magnetization increases very rapidly. This igrée of freedom should be much smaller than that of the
in sharp contrast to the saturated magnetization below thePin-glass degree of freedom to conform with the experi-
freezing temperature, which should be found in the standarf€nt. Though we found a difference in the temperature de-
spin-glass models such as the SK model. The onset temper@€ndence of the magnetization between our two-channel SK
ture of the remanence is abolit=0.5, but the difference Model and the SK model, the phase in the two-channel SK
between the FC and the ZFC magnetizations is not so larg&cdel we found relevant for the experiment has a similarity
before the ZFC magnetization makes a sharp peak a¥ith the mixed phase in the SK model in the regard that it
T=0.2. Below the temperature, the difference between th&@S the nonzero Edward-Anderson order parameter as well as
FC and the ZFC magnetizations becomes rather large. the nonzero spontaneous magnetization. It is also consistent
The overall feature of the magnetization is quite similarWith the uSR experiment. Taking into account the small en-
with that obtained by the experiment done by Tokumoto€r9Y Scale imposed on the second glassy degree of freedom,
et al. It should be noted thad, for the second glassy degree W€ have suggested that the pseudorotation degree of freedom
of freedom is 0.3 and is 3 times smaller thinfor the spin is that of the candld_ates. Such a pQSS|b|I|ty WI|| be studied
glass. Rapid increase of the FC magnetization in the lowbPoth quantum chemically and experimentally in the future.
temperature region found in the experiménfsmay be
originated from the interaction between the spins and the
second glassy degree of freedom whose energy is much ACKNOWLEDGMENTS
smaller than that of spins. On the other hand, we get clear
remanence, which does not contradict the experiment. We Calculations were made on some workstations in the re-
also obtained nonzero spontaneous magnetization as well asarch information processing systéRIPS of the Agency
the nonzero Edward-Anderson order parameter. With thi®f Industrial Science and TechnologflST) in Japan and
meaning, the phase we found relevant for TDAgr8as a  the Computer Center of the Institute of Molecular Science
similarity with the mixed phase of the standard spin-glasgIMS) in Japan. One of the authof¥.A.) would like to
models. This is also consistent with muon-spin-relaxatiorthank the RIPS and IMS for admitting him to use their fa-
observation of the spontaneous magnetization in this systemilities.
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