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Abstract

Heat capacity studies were performed for the doped verdazyl radical crystals, (p-CyDOV), _ . (p-CyDTV), (x =0, 0.01, and 0.07),
to clarify the effect of magnetic impurity (p-CyDTV) on the spin-Peierls (SP) transition (7sp = 15.0 K) of 3-(4-cyanophenyl)-1,5-
dimethyl-6-oxoverdazyl (p-CyDOV) radical crystal, where the > C=0 group in p-CyDOV is replaced by the > C=S group in p-
CyDTYV. The antiferromagnetic (AFM) transitions were observed at 7 = 0.135, 0.290, and 0.164 K for the crystals with x =0, 0.01,
and 0.07, respectively, indicating the coexistence of AFM order and SP state in the systems with x =0 and 0.01, and the appearance
of the single phase of AFM order in the system with x =0.07 below T = 0.164 K. However, the heat capacity anomaly associated
with the SP transition was not found at Tsp = 15.0 K for the pure p-CyDOV crystal (x = 0), whereas the anomalous broad peak in
the heat capacity was observed at T'sp = 5.6 K. The entropy consumption in the above broad peak was about 3% of the total spin
entropy R In 2, suggesting that this transition may relate to SP transition. The pressure induced by the solidification of the Apiezon-
N grease, which was used as the thermal binder for the heat capacity measurement, at low temperature may affect the shift of the SP
transition temperature. The doping effects for the organic SP system (p-CyDOV), which include the temperature (7: Tsp and TN)—
impurity (x) phase diagram, are similar to those for the inorganic SP system (CuGeQ3), although the one-dimensionality, i.e., |zJ"/
J| =6 x 10~*, in the organic p-CyDOV system is much higher than that ( ~ 10 ~') in the inorganic CuGeO; system, where zJ’ and J
are inter- and intra-chain exchange interactions. This work is the first report of the heat capacity study of the doping effect on the
organic SP transition system.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction singlet (nonmagnetic), and a finite energy gap opens in

the excitation spectrum. The most striking feature in SP

The spin-Peierls (SP) transition is well known as one
of the most interesting magnetic behaviors observed for
organic radical salts, such as TTF-CuBDT and MEM-
(TCNQ), [1-3]. The SP transition occurs when a system
of uniform antiferromagnetic (AFM) Heisenberg linear
chains undergoes a transformation to a system of
dimerized or alternating AFM linear chains, due to
spin-phonon coupling between the one-dimensional
(1D) spin and the 3D phonon systems. Below the
transition temperature (7sp), the ground state is spin
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transition is that the magnetic susceptibilities exponen-
tially drop to zero below Tsp. The SP transition was also
observed for the inorganic compound CuGeO; (Tsp =
14.2 K) [4,5].

The doping effects of magnetic (Mn>" (S = 5/2) [6],
Ni’™ (S=1) [6,7] and Co>" (S=3/2) [8]), and non-
magnetic (Zn>* (S=0) [5,7,9,10] and Mg>* (S=0)
[7,11,12]) impurities have been studied for the SP
transition of CuGeOs (Cu®>™ (S = 1/2)). Similar studies
have been performed for the Si-doped CuGeO; (Cu-
Ge; _,S1,03) [6,10,13—15]. The SP transition tempera-
ture (Tsp = 14.2 K) decreased rapidly by increasing the
concentration (x) of impurities and disappeared at
around x =0.01-0.04 depending on the kinds of im-
purities. Further, it has been found that the AFM phase
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transition appears in the doped SP systems below 5 K,
and the AFM long-range order and SP state coexist in
the doped SP systems below the critical concentration
(xc).

As reported in a previous work, the magnetic
susceptibility (yp) of organic neutral verdazyl radical
crystal, 3-(4-cyanophenyl)-1,5-dimethyl-6-oxoverdazyl
(p-CyDOV) (Fig. 1), with S =1/2 exhibits the charac-
teristic properties of the SP transition [16,17]. The y of
p-CyDOV shows a broad maximum at 54 K, and
decreases abruptly at SP transition temperature 7sp =
15.0 K. The susceptibility above 15.0 K can be well
explained by the 1D Heisenberg linear-chain model [18]
with AFM exchange interaction of 2J/kg= —84 K
between neighboring spins. The magnetic energy gap
A(0) at T=0 K and the spin—lattice coupling constant
/A calculated from Tsp and 2J/kg are 26 K and 0.33,
respectively [16]. High-field magnetization data (H =0—
35 T) that provide clear evidence for a SP transition
were reported, and the magnetic phase diagram was
determined for the p-CyDOYV crystal [17].

The doping effects of magnetic (p-CyDTV and p-
BrDOV) and nonmagnetic (p-CyDOV-H) impurities
have been studied for the SP transition of p-CyDOV,
where the > C=0 group in p-CyDOV is replaced by the
> C=S group in p-CyDTYV, the CN group in p-CyDOV
is replaced by the Br group in p-BrDOYV, and the p-
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Fig. 1. Magnetic susceptibility (ym(x, 7)) of the doped p-CyDOV
radical system, (p-CyDOV),_,(p-CyDTV), (x=0-0.07), in the
temperature range of 1.8—80 K.

CyDOV-H is a reduced form of p-CyDOV [19-22]. The
Tsp of the doped crystals, (p-CyDOV), _ . (p-CyDTV),,
(p-CyDOV), _ .(p-BrDOV),, and (p-CyDOV),_.(p-
CyDOV-H), (x =0-0.10), decreased rapidly by increas-
ing the concentration (x) of impurities and the SP state
disappeared at around x =0.03—0.07 depending on the
kinds of impurities [19-21]. However, the clear detec-
tion of the AFM transition in the SP phase has not been
reported for the present systems at low temperatures.

In the present work, the measurements of the
temperature dependence of the heat capacity (0.10-32
K) of the doped crystals, (p-CyDOV);_,(p-CyDTV),
(x=0, 0.01, and 0.07), were performed to study the
effects of p-CyDTV on the SP system: p-CyDOV. The
present work provides the first example of the heat
capacity study of the doping effect of magnetic impurity
on the organic SP system.

2. Experimental

p-CyDOYV and p-CyDTYV were prepared according to
the method of Neugebauer et al. [23]. Preparation of the
powder samples of doped p-CyDOV crystals, (p-
CyDOV), _,(p-CyDTV), (x=0, 0.01, and 0.07), were
reported in a previous work [19].

Measurements of the heat capacity, Cp, were per-
formed for the doped radical crystals in the temperature
range of 0.1-32 K, using the usual type of adiabatic
calorimeter described previously in detail [24]. The
measurements were performed on 0.497 g (x=0),
0.540 g (x=0.01), and 0.495 g (x=0.07) powder
samples mixed with the thermal binder Apiezon-N
grease (0.467, 0.418, and 0.976 g), respectively. The
data were corrected for the heat capacity of the
addenda: in the case of x =0, the heat capacity of the
addenda (Cu platform, Apiezon-N grease etc.) was
about 5% at 5 K and 76% at 15 K for the total heat
capacity, for instance.

3. Results

3.1. Previous study of the crystal structure and magnetic
property of the doped-radical crystals, (p-
CyDOV)Ifx P'CJ/DTV)X

The Debye—Scherrer X-ray diffraction pattern of the
p-CyDOV radical crystal (x =0) is quite different from
that of the p-CyDTV crystal (x =1), as reported in a
previous work (see Fig. 3 in Ref. [19]). However, the X-
ray diffraction patterns of doped-radical crystals with
x=0.01, 0.02, 0.03, 0.05, and 0.07 are quite similar to
that of the pure p-CyDOV crystal (x =0). The diffrac-
tion pattern due to p-CyDTYV crystal was not observed
for the doped-radical crystals (x=0.01-0.07). The
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result indicates that the dopant molecules homoge-
neously distribute in the AFM chains of the p-CyDOV
in each sample, and the crystal structure of doped-
radical crystals (x =0.01-0.07) is almost the same as
that of the pure p-CyDOV (x =0) at room temperature
[19].

The susceptibility of the dopant p-CyDTV radical
crystal follows a Curie—Weiss law with a Weiss constant
of 6 =—3.8 K [19]. The susceptibilities of the doped
radical crystals (x =0-0.07) have also been studied in a
previous work (see Fig. 2 in Ref. [19]), and the same
figure is shown in Fig. 1. The susceptibility of each
doped crystal shows a broad maximum at the tempera-
ture of Tiax. The value of Ty, decrcases as the
concentration (x) of p-CyDTV increases. The SP
transition indicated by a drop of yp near 13—-15 K
was observed in the samples with x <0.02. The values of
Tmax and Tsp are listed in Table 1.

The temperature dependence of yp(x, T)’s above Tsp
can be simply described by the sum of the two
contributions; one is from the 1D-Heisenberg AFM
linear-chain system (y,p.uar(7)) with corrected T$3T
values and the other is a paramagnetic contribution

(XCurie( T))

(X, T) = Cipyar(X)21p.nar(T) + CCurie(x)XCurie(T)(l)
(T > Tgp)

where CID—HAF(X)+ CCurie(x) = 15 and XCurie(T) is given
by scuielT) = Nog*ugS(S+1)/3kgT with S =1/2. The
T80 20 kg, Cip-aar(x), and Ceurie(x) values obtained
are listed in Table 1.

On the other hand, the ym(x, T)'s of the doped
radical crystals with x=0.01-0.07 below Tsp were

described by three terms [11,19]:

m(x, 1) = Cop(X)xsp(T) + Cippar() 7 1pnar(T)
+ CCurie(x)XCurie(T) (2)
(T < Tsp)

where Csp(x) + Cip-aAR(X) + Ceurie(x) = 1, and
Zcurie(T) in Eq. (2) is the same as that in Eq. (1). The
second term represents the contribution from 1D-
Heisenberg AFM linear-chain (1D-HAF) subsystem.
The susceptibility for the SP state (ysp(7")) was calcu-
lated from the ym(x, T') for the pure p-CyDOV (x = 0)
below Tsp by using Eq. (2), by assuming that the
fraction Cip.gap(0) =0 for x=0. The Cgp(x), Cip.
Hap(x), and Ccyyie values obtained are listed in Table 1.

Recently, the measurements of the field dependence of
magnetization (H=0-55 T) were performed for the
doped verdazyl radical crystals, (p-CyDOV);_ (p-
CyDTV), (x=0, 0.01, 0.02, 0.03, 0.05, and 0.07) [25].
We have found that the high-field magnetization M(x,
H) curves of the doped organic SP system below Tsp =
15.0 K can be well explained by the sum of the
magnetization (M) of the SP state (Csp(x)Msp(H)),

Magnetic properties of the doped-radical crystals, (p-CyDOV), _ (p-CyDTV), (x =0-0.07)

Table 1

Cip-aar (T < Tsp) Cip-uar (T > Tsp)

Csp (T < Tsp)

CCurie

Tsp (K)  Tn(K)

Tsp (K)

2l (K)

2Jlkg (K)

Toad (K)

Tmax (K)

0.996
0.989
0.988
0.981
0.976

0.541
0.582
0.981
0.976

0.996
0.448
0.406

0.004
0.011
0.012
0.019
0.024
0.025

0.135
0.290

5.6
5.3

15.0
13.5
13.0

—81.1 (=72.0)

—84.2
—85.8
—85.8
—82.7

—81.1

54
55
55
53
52
52

54
54
52
50
45

0.01
0.02
0.03
0.05
0.07

0

0.975

0.975

0.164

—0.025

44

? The value determined by the heat capacity measurement.
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1D Heisenberg antiferromagnet (Cip.gap(X)Mip.
HAF(H)), and Curie impurity (Ccurie(xX)Mcurie(H)),

M(x, H)= Cop(x)Msp(H) + Cipyar(X)Mp par(H)
+ CCurie (x)MCurie(H) (3)

where C;(x) is the fraction of the ith contribution. The
result suggests the coexistence of SP state and AFM
long-range order in the doped p-CyDOYV radical system
at low temperature.

3.2. Measurement of the heat capacity

The temperature dependence of the heat capacity, Cp,
of the doped p-CyDOYV radical crystals (x =0, 0.01, and
0.07) is shown in Fig. 2 (0.10-32 K) and Fig. 3 (0.10-2.0
K). The pure p-CyDOV crystal with x=0 and the
doped crystal with x =0.01 show SP transition at 7Tsp =
15.0 and 13.5 K, respectively, as shown in Fig. 1 [19].
Consequently, we may expect heat capacity anomalies at
the Tsp for these crystals [3,26]. However, such anoma-
lies were not observed for the crystals (x =0 and 0.01)
around Tgp, as we can see from the results shown in Fig.
2. Instead of the above expectation, we found heat
capacity hump at T'gp(0) = 5.6 K and T'4p(0.01) =5.3 K
with the magnetic entropy consumption up to 3 and 1%,
respectively, as shown in Figs. 4 and 5. While any hump
was not seen for the x =0.07 system in this temperature
region. On the other hand, as shown in Fig. 3, the heat
capacities of the pure p-CyDOYV (x =0) and the doped
radical crystals (x =0.01 and 0.07) exhibit a sharp A-like
peak at Ty =0.135+0.002, 0.290+0.002, and 0.164 +
0.002 K, respectively, indicating a 3D magnetic phase
transition. The values of Ty and Cp do not give a
systematic change against the dopant concentration (x);
we will discuss this point later.
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Fig. 2. Heat capacity (Cp) of the doped p-CyDOV radical system, (p-
CyDOV), _.(p-CyDTV), (x=0, 0.01 and 0.07), in the temperature
range of 0.10-32 K.
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Fig. 3. Heat capacity (Cp) of the doped p-CyDOV radical system, (p -
CyDOV), _.(p-CyDTV), (x=0, 0.01 and 0.07), in the temperature
range of 0.10—2.0 K. The solid line is the estimated lattice contribution
CL.
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Fig. 4. Cp/T versus T* plot of the heat capacity of the 0, 1 and 7%
doped p-CyDOV crystals. The dashed line represents the fit of Eq. (4)
to the experimental values for the estimation of the lattice contribution
of the heat capacity.

The main contribution to the heat capacity comes
from the lattice and the magnetic systems. In the 7%
doped p-CyDOV, the SP transition disappears and the
susceptibility has the characteristics of a quasi 1D
Heisenberg AFM with S =1/2 and with 2J/kg = —81.1
K (see Table 1) [19]. Consequently, at low temperatures
T > Ty =0.164 K, the magnetic heat capacity, Cyy, may
vary as 0.35NkgT/|J|, as expected for the quasi-1D
Heisenberg AFM in the temperature region 7' < 0.2|J|/
kg =8 K [18,27]. Then the total heat capacity in this
temperature region may be expressed as
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Fig. 5. Cy versus T plot of the magnetic heat capacities of the 0, 1 and
7% doped p-CyDOV crystals in the temperature range of 0.10-7 K.

Cp=Cy + C, =035N kg T/|J| + A(Op)T? 4)

where N4 is Avogadro’s number and 6 is the Debye
temperature for the lattice contribution Cp. Here we
comment that impurities act to cut the 1D chain into 1D
segments of average length of 14 lattice points for x =
0.07. It is noted, however, that the experimental results
fit well to the Cp/T versus T° plot, as shown in Fig. 4.
From the straight line in Fig. 4, we can estimate |J|/
kg =36.0 K and A(0p)=9.75x10"2 J (mol K%,
making a correction for the 1D segments of finite length.
The lattice heat capacity, Cy, thus obtained is exhibited
in Fig. 3. The value of 2J/kg (—72.0 K) obtained shows
good accordance with that (—81.1 K) obtained from the
magnetic susceptibility measurement [19].

On the other hand, the total heat capacities for the
crystals with x=0 and 0.01 deviate from Eq. (4), as
shown in Fig. 4, because they are in the SP phase in this
temperature region. We assume that the lattice heat
capacities of the pure and doped p-CyDOYV crystals with
x =0 and 0.01 are the same as that for x =0.07, because
the molecular structures of the p-CyDOV and p-
CyDTV are similar to each other, and the crystal
structures of the doped crystals (x =0, 0.01, and 0.07)
have the same crystal symmetry, as was studied by the
X-ray analysis [19]. In fact, the overall heat capacities
are nearly common at high temperature region, as
shown in Fig. 2. Therefore, subtracting this lattice
contribution from the total heat capacity yields the
magnetic heat capacity, Cy;, of the pure and 1% doped
p-CyDOV in the temperature region 7' <7 K, which is
exhibited in Fig. 5. Cy of the 7% doped crystal shows a
A-type peak at Ty=0.164 K and increases linearly
above 2 K due to the contribution from 1D Heisenberg
AFM. On the other hand, Cy; of the pure p-CyDOV
crystal shows an appearance of a broad peak at T'gp =

5.6 K in addition to the A-like peak at T =0.135 K,
while Cy; of the 1% doped crystal shows the intermedi-
ate behavior between those of the pure and 7% doped
crystals above Ty =0.290 K, also showing a broad peak
at Tsp=>5.3 K. We will discuss the broad peak later
including its magnetic field dependence.

4. Discussion

4.1. AFM transition at Ty(x ) in the pure and doped SP
transition compounds and Ty(x )—x phase diagram

As shown in Fig. 3, the AFM orderings were observed
for the pure and doped p-CyDOV crystals (x =0, 0.01,
and 0.07) at T =0.135, 0.290, 0.164 K, respectively. If
the pure p-CyDOYV sample (x =0) is an ideal SP crystal
without imperfection, we cannot expect AFM ordering.
Strictly speaking, however, the present p-CyDOV crys-
tal is not an ideal crystal, and includes 0.4% Curie
impurities due to terminals of the chain or lattice defects
[19]. Therefore, the heat capacity peak at Ty =0.135 K
is also considered to indicate the AFM transition arising
from the inevitable minute impurities.

The transitions for x =0 and 0.01 are different from
that for x =0.07 from the x dependence of Ty(x). The
fact that 7T(0.01) =0.290 K is enhanced by more than
twice of T(0) =0.135 K suggests that each spin state
for these two concentrations is not in a simple quasi-1D
magnet, where Tx(x) drastically decreases by increasing
x [28]. This contradiction is reasonably understood
when we regard that the spin states for x =0 and 0.01
are almost in the nonmagnetic SP phase, and that the
doped impurities gives an effect to grow local magnetic
moments around impurities enough to make appearance
of the 3D ordering triggered by the small inter-chain
interaction at the respective T(x). That is, in the SP
phase, the more the impurities, the more the growth of
the moments, giving the enhancement of Tyn(x). It
should be noted here that the heat capacities for x =0
and 0.01, when compared with the case for x =0.07,
drop quite steeply as in the exponential decrease below
Tn(x), suggesting a coexistence of some gap phase in the
3D magnetic ordered phase. Theoretically the growth of
the local magnetic moments in the doped SP phase has
been pointed out by Fukuyama et al. [29] for instance.
The occurrence of the AFM ordering in the SP phase
was also reported in the Mg-doped CuGeO; with small
impurities less than xc =0.023 [12].

On the other hand, the concentration x=0.07 is
supposed to be larger than the critical concentration xc
for which the local magnetic moments are dominant
enough to disrupt the SP phase at all temperatures,
where the impurities act to cut the 1D chain into shorter
segments. This is the reason for the reduction of 7Ty(x)
for x =0.07. That is, the high temperature phase above
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Tn(0.07) =0.164 K is merely a paramagnetic state of a
quasi-1D chain of about 14 lattice points.

Transition temperature vs impurity concentration
(T'—x) phase diagrams have been reported on Zn- [9],
Mg- [12], Ni- [30], and Si- [15] doped CuGeO; systems.
In Zn- and Si-doped CuGeOs; systems, Neel temperature
(Tv) increases gradually, reaches its maximum, and
decreases moderately, by increasing x. The Tsp de-
creases linearly as x increases, and disappears suddenly
at the critical concentration xc. A first-order phase
transition between dimerized-AFM and uniform-AFM
phases has been reported for the Mg-doped SP system,
Cu;_,Mg,GeOs [12]. As Mg concentration increases,
linear reduction of the SP transition temperature (7'sp)
and linear increase of the Neel temperature (7Ty) are
observed for x up to xc ~ 0.023. At x¢, the SP transition
suddenly disappears, and Ty jumps discontinuously and
decreases gradually by increasing x. These results
indicate the existence of a first-order phase transition
between dimerized-AFM and uniform-AFM long-range
orders. Similar behavior was observed for the Ni-doped
CuGeOj; system [30].

One of the most interesting phenomena observed in
these doped CuGeO; systems is the coexistence of the
long-range order of the lattice dimerization, which is
intrinsic to SP phase, and the AFM long-range order.
The neutron scattering experiments were performed for
Zn- [9] and Si- [13,14] doped CuGeOs;, and both
dimerization superlattice peak and AFM peak were
observed. Fukuyama et al. [29] theoretically explained
the coexistence of the dimerization and the AFM long-
range order in CuGe;_,Si,O; using phase Hamilto-
nian. According to their theory, the coexistence of the
dimerization and {(S%) of spins on Cu’" ions with
spatially inhomogeneous distribution has been sug-
gested. Recent uSR study [10] on Zn- and Si-doped
CuGeOs indicated the spatial inhomogeneity of (S*» of
spins on Cu’* ions in AFM long-range order phase,
which supports the theory of Fukuyama et al.

Fig. 6 shows p-CyDTV concentration dependence of
Tsp and TN: T—x phase diagram. As observed for the
doped CuGeO;, Tsp of the doped p-CyDOV system
decreases linearly as x increases, and disappears at x =
0.02-0.03 [19]. T increases from Ty =0.135K at x =0
to T =0.290 K at x =0.01, and then decreases to T\ =
0.164 K at x=0.07. It should be noted here that the
temperature axis is indicated with the logarithmic scale
to demonstrate the low temperature region. The overall
T—x phase diagram is qualitatively the same as in the
doped CuGeOs; systems. The result suggests the coex-
istence of the SP phase and the AFM long-range order
in the doped p-CyDOV systems with small impurity
concentration x.

The inter-chain interaction |zJ’| in the present organic
SP system was estimated as follows: the doped p-
CyDOV system with x=0.07 showed the uniform-

10* —

o Iy
® T (xm)

10°F

T/K
—_———— e ]

0 0.02 0.04 0.06 0.08

Fig. 6. The T—x phase diagram of the doped p-CyDOV crystals, (p-
CyDOV), _,(p-CyDTV),, obtained from the magnetic susceptibility
(Tsp) and heat capacity (7) measurements. Closed circles and closed
squares indicate Tsp and TV, respectively. SP, AF and P indicate SP,
AFM and paramagnetic states, respectively.

AFM transition at Ty = 0.164 K. From the mean field
theory, Ty is expressed as kpTn = 2S251D|ZJ’| [31],
where ¢ip is the 1D AFM correlation length in the
chain. For x =0.07, the value of &,p is cut at around 13,
and 2J/kg = —81.1 K as listed in Table 1. The value of
|zJ'IJ| ~ 6 x 10~ obtained from the above equation is
much smaller than that (10 ~") for CuGeOs, indicating a
high one-dimensionality in the p-CyDOYV system. This is
a main reason for the low AFM transition temperatures
in the present organic system.

The temperature dependence of the magnetic entro-
pies, Sm(T)’s, for the pure and doped crystals (x =0,
0.01, and 0.07) was obtained from the relation

Sy(T) = j (/7T 5)

Sm(T) at the lowest temperatures is approximated by
extrapolating the experimental value of Cyy down to 0 K
with 3D spin-wave approximation, namely, with a series
expansion starting from 7° term. At any rate, Sp(7o) at
the lowest T for the present data points is fairly small
for Sm(o0) =R In2=15.635 JK ! mol~!. For the 7%
doped crystal, about 21% of the magnetic entropy
(RIn2 for S=1/2) is consumed up to 7 K, and the
remaining 79% is expected at higher temperatures, as
shown in Fig. 7. The critical entropy Sm(7n) up to Ty is
about 10% of the total entropy R In 2. This is another
reflection of the low-dimensionality of the magnetic
interaction in p-CyDOV: the value of Sy(7n) is nearly
50% for the 2D localized spin systems, and in the usual
3D systems, Sy(7w) is rather close to R In 2 [24,32].
Sm(T)’s of the pure and 1% doped crystals are also
shown in Fig. 7. The values of Sy(7')’s of these crystals
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Fig. 7. Magnetic entropy (Sm(7")) of the doped p-CyDOV radical
system (x =0, 0.01 and 0.07).

below 7 K are nearly a half that of the 7% doped crystal,
as expected [3]. It should be noted that the rapid
consumption of the magnetic entropy at low tempera-
tures is associated with the AFM transition and fairly
gradual increase around 2 K indicates that the most
spins are in the SP state.

4.2. Disappearance of heat capacity peak at Tsp(x ) and
appearance of anomalous broad peak at Tsp(x ) in the
pure and 1% doped SP systems

Generally, the SP transition accompanies some
anomalies in both magnetic and thermal quantities at
the common SP transition temperature, as found at
Tsp=12.4 K for TTF-BDT (Cu) [26], Tsp =2.06 K for
TTF-BDT (Au) [26], Tsp=18 K for MEM-(TCNQ),
[3], and Tsp=14 K for CuGeO; [6]. Theyy of p-
CyDOYV crystal shows a broad maximum at 54 K, and
decreases abruptly at Tsp =15.0 K. The susceptibility
above 15.0 K can be well described by the 1D Heisen-
berg linear chain model [16,19], as expected for the
typical SP transition compounds. Further, high-field
magnetization data (H=0-35 T) that provide clear
evidence for a SP transition were reported, and the
magnetic phase diagram was determined for the p-
CyDOV crystal [16,17,25]. However, we could not
observe any heat capacity anomaly at the temperature
(15.0 K).

If the abrupt decrease in the yp of p-CyDOYV crystal
1s not due to the SP transition, but due to the first-order
phase transition accompanying dimerization of the
neighboring radical molecules, the heat capacity anom-
aly with large entropy change, which can not be
explained by taking only the magnetic contribution,
will be observed at 15.0 K, as reported for galvinoxyl
radical [33,34] and Wurster’s blue perchlorate [35,36].

However, such an anomaly was not observed for the p-
CyDOYV crystal, as described above.

On the other hand, as shown in Fig. 5, a broad peak
was found in Cy; around T'gp =5.6 K for the system
with x =0, and a weaker broad peak around 5.3 K with
x=0.01. The application of the external field makes
shift the broad peak to the lower temperatures and
smears out (the data are not shown). The result indicates
that the broad peak is not due to the first-order phase
transition. The entropy consumption in the broad peak
for x =0 is about 3% of the total spin entropy R In 2
and is similar to 2.6% consumed around 7sp = 14 K for
CuGeO; as estimated from the data of heat capacity in
Ref. [6], suggesting that this transition may relate to SP
transition.

For the SP transition, a subtle balance is required
between the magnetic energy gain due to the spin
dimerization and the lattice energy loss due to distor-
tion. The SP compound p-CyDOV is a molecular
crystal. Generally, molecular crystals are thought to be
‘soft crystal’ because molecules are connected by weak
van der Waals bond. We used Apiezon-N grease as the
thermal binder for the heat capacity measurement.
When the grease is solidified at low temperatures, it
may induce local pressure in the crystal. That is, the
solidification of the grease affects the above subtle
balance, and induces large shift on the SP transition
temperature from original Tsp to Tgp. However, the
detailed reason for the shift of the transition tempera-
ture is not clear at present.

5. Summary

We prepared the doped organic SP system, (p-
CyDOV), _,(p-CyDTV), (x=0, 0.01, and 0.07), and
measured the heat capacities (7'=0.10-32 K) to study
the effect of magnetic impurities, p-CyDTV (S = 1/2),
on the SP transition of p-CyDOV crystal (S=1/2,
Tsp=15.0 K), where the >C =0 group in p-CyDOV
is replaced by the > C=S group in p-CyDTV. The AFM
transitions (7x=0.135, 0.290, and 0.164 K) were
observed for the doped crystals (x =0, 0.01, and 0.07),
respectively, indicating (i) the coexistence of dimerized-
AFM order (D-AF) and SP state in the doped SP system
with x =0 and 0.01, and (ii) the appearance of uniform-
AFM order (U-AF) in the doped system with x = 0.07 at
low temperatures. The behavior is similar to that of
doped inorganic SP system, Cu;_,M,GeO3; (M =Zn,
Mg, and Ni), although the doped organic SP system
shows much higher one-dimensionality compared to
that of doped CuGeO; system. Although the heat
capacity anomalies expected for the pure and 1% doped
p-CyDOV crystals were not observed at around 7Tsp =
15.0 K, we observed a broad peak of the heat capacity at
Tsp(0)=5.6 K and Tsp(0.01) =5.3 K with magnetic
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entropy consumption up to about 3% of the total spin
entropy R In 2. This value is similar to 2.6% consumed
around Tsp =14 K for CuGeOs;, suggesting that this
transition may relate to SP transition. The pressure
induced by the solidification of the Apiezon-N grease,
which was used as the thermal binder for the heat
capacity measurement, at low temperature may affect
the shift of the SP transition temperature. This work is
the first report of the heat capacity study of the doping
effect on the organic SP transition system.
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