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Effect of solvent on the magnetic properties of the high-temperature
VI[TCNE]x molecule-based magnet
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The different magnetic behaviors of the V[TCNE]x (TCNE=tetracyanoethylene) magnet prepared via the
reaction of TCNE and V(CO)6in CH2CI2and the solvent-free chemical vapor deposition (CVD) of TCNE and
V CO 6 onto a glass substrate were determined. It was shown that the presence of noncoordinating CH2CI2
solvent molecules in the structure of the V[TCNE” magnet does not substantially influence the magnetic
ordering temperature; however, it creates additional structural disorder. This results in a correlated spin-glass
behavior in low magnetic fields (H < 100 Oe) at helium temperatures, small remanence, and vanishing coercive
fields at room temperature. In contrast, the CVVD-prepared film has increased structural order. Quantitatively,
the degree of disorder was analyzed in the framework of the random magnetic anisotropy model.
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I. INTRODUCTION

Advances in the science and technology of several classes
of magnetic materials, including molecule-based magnets,1
have occurred in the past decade. Today there are a few
molecule-based magnets with magnetic ordering tempera-
tures (Tc) above room temperature,2 and these include
V[TCNE]x (TCNE=tetracyanoethylene, x~ 2).34 The
V TCNE x magnet originally was synthesized via the reac-
tion of TCNE and V(C6H6)2 in CH2CI2 3 and later via the
reaction of TCNE and V CO 6 in CH2CI2.4 This magnet
forms instantaneously as an insoluble, amorphous powder
containing approximately one half of a solvent molecule per
V. Recently, V[TCNE]x has been deposited as a thin film on
different substrates including Si wafers by a low-
temperature chemical vapor deposition CVD method>5 that
makes this material potentially applicable for producing de-
vices via integrated microelectronic technology.

V[TCNE]x.yS (S= CH2CI2) has a spontaneous magneti-
zation (M) at room temperature. The analysis of M (T) using
spin-wave theory suggested that the magnetic ordering tem-
perature Tc is ~400 K; however, this is not achievable due
to thermal decomposition of the sample at 350 K.6 Sol-
vents that can coordinate with V [e.g., H3CCN or C4H80
tetrahydrofuran, THF introduce substantial structural and
substitutional disorder that considerably suppresses Tc. This
is attributed to blocking the superexchange pathways.7 How-
ever, the role of noncoordinating solvents such as CH2CI2 is
unclear.

Herein, we report a comparative study of the V[TCNE]x
magnet prepared via two alternative routes: the reaction of
TCNE and V(CO)6 in CH2CI2 [bulk sample (B)], and
solvent-free chemical vapor deposition of TCNE and V(CO)6
resulting in the formation of the V[TCNE]x thin film on the
surface of a glass substrate3 [film sample (F)]. We show that
the presence of noncoordinating CH2CI2 solvent molecules
in the structure of the V[TCNE]x magnet does not substan-
tially influence Tc; however, it creates additional structural
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disorder that considerably modulates the magnetic properties
at low temperatures.

Il. EXPERIMENT

V[TCNE]x-y(CH2Cl2) (B) (Ref. 3) and V[TCNE]X (F)
Ref. 5 were prepared according to the literature. The F film
was deposited onto a glass substrate, removed from it by
scraping with a nonmagnetic spatula, and both were used for
magnetic measurements and thermoanalysis. All manipula-
tions and reactions were performed in a Vacuum Atmo-
spheres DriLab glove box (< 1ppm 02 and < 1ppmH?20).
The CH2Cl2 used for the reaction was predried and distilled
from the appropriate drying agents. Samples for magnetic
measurements were loaded in airtight Delrin holders and
packed with oven-dried quartz wool to prevent movement of
each sample in its holder.

The 2-400 K dc magnetization and ac magnetic suscep-
tibility were obtained using a Quantum Design MPMS-5XL
5 T superconducting quantum interference device
(sensitivity= 10_8emu) magnetometer equipped with a re-
ciprocating sample measurement system, low-field option,
and continuous low-temperature control with enhanced ther-
mometry features. The ac magnetic susceptibility was mea-
sured with a Lake Shore 7225 ac susceptometer in a 1 Oe ac
field of (zero dc applied field between 4-7900 Hz. Phase-
sensitive lock-in detection allowed both the in-phase ( )
and out-of-phase () linear susceptibilities to be extracted.

To obtain reproducible results, especially at low magnetic
fields, the magnetic history of the sample was completely
erased. Since the paramagnetic state is not attainable due to
sample decomposition, the sample was demagnetized at 300
K in an oscillating magnetic field with gradually decreasing
amplitude down to 0.0+0.10e prior to each experiment.
This procedure decreased the absolute value of residual mag-
netization down to ~0.1% of its saturation value and led to
reproducible results in field-cooled (FC) and zero-field-
cooled (ZFC) experiments. The dc magnetization was mea-
sured in various magnetic fields by cooling in zero field from
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FIG. 1. TGA of V[TCNE](CH 2I2) (B) and V[TCNE]* film

320 K down to 2 K (ZFC), or by cooling in applied field
from 300 to 2 K (FC). In both cases data were collected on
warming.

The thermal properties were studied using a TA Instru-
ments model 2050 thermogravimetric analyzer (TGA)
equipped with a TA-MS Fison triple-filter quadrupole mass
spectrometer to identify gaseous products with masses less
than 300 amu. It is located in a DriLab glove box that uses
argon to protect air-and moisture-sensitive samples. Samples
were placed in an aluminum pan and heated at 20°C/min
under a continuous 10-mL/min nitrogen flow. High-
resolution mass spectra were obtained using a Finnigan
MAT 95 high-resolution mass spectrometer equipped with a
Finnigan MAT ICIS 1l operating system.

I1l. EXPERIMENTAL RESULTS AND ANALYSIS
A. Thermal studies

The comparison of magnetic properties of VfTCNE]*
films F with the solvent-containing bulk material B re-
quires an accurate determination of solvent content. TGA
analyses reveal that B samples begin to loose solvent imme-
diately after heating above room temperature, Fig. 1 a . The
maximum rate of solvent loss is achieved at 85-90 °C, and at
130 °C the weight loss almost ceases. At this temperature the
partial pressure of the ions originating from the solvent mol-
ecule also vanishes Fig. 2 . Assuming * 2 and the sample
has lost all solvent (~8.5%) the solvent content y for
V[TCNE]2+y (CH2CI2) is 0.34+ 0.01, and its molecular mass
is 336 g/mol.

It should be noted that at 75-80 °C the mass spectrometer
begins registering ions with the mass of 26 amu Fig. 2,
corresponding to the loss of mass of CN thatis attributed to
TCNE decomposition. The partial pressure CN
reaches maximum at ~120°C and then decreases gradually
reaching the local minimum at 225 °C. On further heating
it starts to increase rapidly again, indicating that above
250 °C the decomposition process accelerates.

In contrast to the bulk sample B, the film F, due to the
lack of solvent, has only very minor weight changes upon
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FIG. 2. Temperature dependence of the partial pressure of the
ions in B: (a) originated from CH2CI2 masses= 83 (O); 84 (A);
and 85 and decomposition b from TCNE, mass 26( ).

ramping up to 100 °C (<0.15%, attributed to instrument
drift. Between 100-200 °C the film sample loses about 0.5%
of its weight Fig. 1 b . Cyanide CN or heavier ions that
could be related to TCNE decomposition, do not appear
in the mass spectrum.8 The only ion that is observed has a
mass equal to 28 amu, and this is attributed to residual CO, a
byproduct from the reaction between TCNE and V CO 6.
High-resolution mass spectrometric data capable of distin-
guishing between CO (27.996 amu) and the N2 (28.006 amu)
purging gas confirmed that CO is present. Thus, CO is
trapped in the V[TCNE]X polymeric network and released
upon heating. Above 250 °C the thermal properties of the F
film are similar to that of B. The weight loss accelerates and
ions related to TCNE decomposition appear in the mass
spectrum.

Thus, TGA studies show that the solvent-containing
V[TCNE]X (B) begins to decompose at a much lower tem-
perature than the solvent-free film. Although CH2CI2 is a
noncoordinating solvent, it is probably trapped in the bulk
and contributes to steric strain with respectto TCNE  co-
ordination to Vn. Hence, some [TCNE]-_’s may not be
bonded to V via all four CN groups. The CN groups that do
not bond to V likely have weaker bonds and would be bro-
ken at lower temperatures, and the appearance of CN ions
in the temperature range 75< T< 200 °C is a manifestation
of this process. However, as the partial pressure of CN ions
in this temperature interval is low (~ 10_11 Torr), the con-
centration of these defects is small.

B. Magnetic studies

The differences in structure and chemical composition of
the B and F compounds impact the magnetic properties. B
and F begin to decompose at ~350 K. Both B and F are
ordered magnetically up to the decomposition temperature,
which is estimated to be 400 K vide infra . The decompo-
sition results in irreversible structural and chemical compo-
sition changes that substantially suppress both Tc and the
absolute value of magnetization upon thermal treatment.35

The temperature dependence of the magnetization in dif-
ferent applied fields for B reveals a pronounced field-
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FIG. 3. Field-cooled upper curves and zero-field cooled lower
curves) magnetization of V[TCNE]x bulk samples as function of T
at different magnetic fields.

dependent bifurcation of the FC and ZFC curves in H
<1000e, Fig. 3. The bifurcation temperature Th decreases
with increasing applied field and almost vanishes at 100 Oe.
Below 100 Oe the ZFC M (T) has a broad maximum that
gradually shifts toward low temperatures with increasing H.

A distinct difference between ZFC and FC M (T) in H
< 100 Oe was also observed for F (Fig. 4). This difference,
however, is only ~20% of that for B. In contrast to B, the
shape of both the FC and ZFC M (T) data as well as the
position of bifurcation points are almost field independent
for H«s 10 Oe. Similar to B, the difference between FC and
ZFC M (T) data almost vanishes for H> 100 Oe. It should be
noted that in all magnetic fields studied there is a sharp in-
crease in ZFC magnetization at the 5< H < 40- K temperature
interval, which is more pronounced in the F samples, and the
absolute value of M (T) is larger for the B samples with
respect to the F samples.

The dependences of the in-phase () and out-of-phase
() components of the complex ac susceptibility measured
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FIG. 4. Field-cooled upper curves and zero-field cooled lower
curves magnetization of V TCNE]xF film sample as function of T
at different magnetic fields.
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FIG. 5. Temperature dependence of V TCNE x 0.3 CHZXCI2)
(B) and inHa 10e at different frequencies see legend .

at different frequencies 4-7900 Hz for B are shown in Fig.
5. Both *'(T) and *"(T) display a broad peak at 250 and
200 K, respectively, resembling in shape the ZFC curve mea-
sured at 0.1 Oe Fig. 3 . Despite the difficulties in determin-
ing an accurate maximum in x*(T) and x"(T), a gradual
shift toward higher temperatures can be clearly distinguished
in the B samples as the measuring frequency increases. In
contrast, F does not show similar frequency dependences on
either component of ac-susceptibility Fig. 6 .

To establish a spontaneous moment, the remanent magne-
tization (M r) was measured between 2-400 K. The sample
was cooled in 500-Oe field close to saturation from 300-2
K, then the field was switched off, and M r(T) was measured
while warming from 2-400 K [Fig. 7 (a)]. The M r(T) of B
drops exponentially between 2-300 K. The M r(T) depen-
dence can be fit to a sum of two exponential functions

Mr(T)=MO+Alexp(—T/TO+ A2exp(-T/T2)

with two characteristic temperatures T1=4.0, T2= 107 K,
and two preexponential factors Aj=150 and A2
=2.37emu Oe/g. (MO0=0.13emu Oe/g). Above 300 K,
M r(T) begins dropping more sharply, revealing an irrevers-
ible structural magnetic transition with an onset at 360 K.
For M r(T) of F a sharp exponential drop also is observed
in the much narrower temperature interval of 2-10 K [Fig.
7(b)], i.e., Mr(T)*exp[-T/T3] with T3~2K. Above 10 K
M r(T) decreases linearly to 300 K and then has a magnetic
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transition similar to B. It should be noted that the 300-K

remanence of F is almost twice as high as that for the B.
The low-T isothermal magnetization curves as functions

of H were obtained by zero-field cooling the sample down to

35|
3.0 _—

25

10F

Magnetization (emuOe/g)

05

00F
L I 1

o 100 200
Temperature (K)

P -
300

FIG. 7. Remanent magnetization as a function of T of the bulk
(B) and film (F) samples. Solid line is a fit of the bulk sample
experimental data (2-300 K) to sum of two exponential functions:
M (T)=0.13+1.50Xexp(-T/4.0) + 2.37Xexp(-T/107).
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5 K, and measuring the magnetization in a field up to 50
kOe. The magnetization of B Fig. 8 reaches 85% of the
saturation value {16.6 emuOe/g expected for a ferrimagnet
V[TCNE]2+0.34(CH2CI2) with an effective spin of in the
1000-Oe field. At higher fields the M (H) gradually ap-
proaches this value; however, it does not achieve it even at
50 kOe. In contrast, F reaches 98% of the expected value
18.18 emu Oe/g assuming V TCNE 2 stoichiometry at
1000 Oe (Fig. 8, demonstrating a clear tendency toward
saturation at lower fields.

Hysteresis loops obtained for B in the  1000-Oe field
display an exponential decrease of the coercive field Hcr on
warming Fig. 9 from 7.8 0.10e at 2 K to about 0.2
+0.1 Oe at 300 K. Assuming that Her(T) also decreases as a
sum of two exponentials Her(T)= A 1e " TITl+ A2e A TIT2, the
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FIG. 9. Coercive field T dependence of the V TCNE x bulk B
and film (F1,F2) samples. The sum of two exponential functions fit
M (T) = 2.98Xexp(—T/4.0) + 6.13Xexp(—T/97.3); dotted lines are
linear fits.
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(F). Solid and dotted lines represent the fits to the Bloch spin-wave
theory.

best fit was obtained for T4 .0, T2=97K, and A~2.98,
A2=6.130e. It is interesting to note that T1 and T2 are
comparable to those determined for the remanence tempera-
ture dependence though the A2 /A1 ratio is reduced from the
M r(T) behavior.

Samples of F have a completely different Hcr. The coer-
cive field gradually decreases with increasing temperature
Fig. 9 for two different CVD-prepared samples F1 and
F2 . It should be noted that the absolute value of coercive
force at low temperature may vary significantly for F syn-
thesized at different conditions different deposition rate,
substrate temperature, etc.). However, their Her(T) depen-
dences as determined from fewer independent samples were
found to be linear with similar slope Fig. 9 .

IV. DISCUSSION

The low-temperature saturated magnetization Ms(T) is an
important magnetic property. Assuming that in 1000-Oe ex-
ternal field the magnetization of B and F are close to their
saturation values (Ms) (a better approximation for F), one
can fit the experimental M s(T) curves (Fig. 10 to the Bloch
law

Ms(T)=Ms(0)(1- BTm).

The best fit was obtained for B= 1.2X 10-4 K-3/2 and M s(0)
values equal to 14.2 and 17.6 emuOe/g for the F and B
samples, respectively. The 17.6-emu Oe/g value is close to
the 18.2 emuOe/g expected for V[TCNE]2, while for B it is
15% lower than the 16.6 emuOe/g estimated for
V TCNE 2 0.34 CH2CI2 .

By extrapolating Ms(T) to zero the critical temperature
Tc can be estimated. Interestingly, Tcis 410 K for B and F,
as the best M s(T) fit was obtained with the same value of B
for both samples, even though due to decomposition, the
magnetization vanishes at 355 K. This value of B is 16 times
higher than that for Ni (7.5X 1076 K-3/2) (Ref. 9, indicating
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that spin waves with low wave vectors can be more easily
excited in the disordered V[TCNE]X (B and F) than that in
crystalline Ni. This implies that the amorphous V[TCNE]X
may have a high magnon density of states at low energies.10

According to the spin-wave theory B is inversely propor-
tional to J"2 and, therefore, the exchange Jex has similar
values for both V[TCNE]X samples, which is ~100 K (as-
suming the simple cubic lattice3). Since Jexdepends upon the
microscopic structural details like V-N distances, symmetry,
and shape of the overlapping metal ion and organic radical
orbitals, and the geometry of this overlapping, etc., it implies
that the local V environment in the B and F forms of
V[TCNE]Xis very similar.

In contrast, some dc and ac magnetic properties of
V[TCNE]X magnets prepared by the alternative synthetic
routes are very different, suggesting that aspects of the mag-
netic ground state of the studied materials and/or their mac-
roscopic in a scale of domain and domain-walls sizes struc-
tures are very different. For amorphous materials their
difference is related to the degree of disorder introduced dur-
ing the sample preparation.

An amorphous solid, especially one based on the first-row
transition element, should not have any magnetic domains,
due to averaging out of all sources of the anisotropy. As the
domain-wall width is inversely proportional to an anisotropy
constant K, the material as a whole may be considered as a
domain wall when K—0. However, in real amorphous sys-
tems a substantial random magnetic anisotropy may naturally
arise from strain and/or composition inhomogeneities.

First-row metal-based compounds with a relatively strong
exchange interaction, i.e., Jex'D r> 1 (where Dr is a random
anisotropy energy , can maintain local-moment orientational
correlations up to millimeters in length10 and the aforemen-
tioned model of magnetic domains may be valid. In contrast
for Jex/Dr~ 1 a spin-glass ground state is expected.10

The situation is much less clear when Jex~ D r. For this
case the random magnetic anisotropy RMA model, devel-
oped by Chudnovsky et al.,11-14 predicts a formation of dif-
ferent magnetic phases in the material depending on the
strength of an external magnetic field. This model was suc-
cessfully used for interpretation of the magnetic properties of
V[TCNE]Xmagnets synthesized using coordinating solvents,
e.g., H3CCN and C4H80.7 The character of the M (T) of B
and F strongly depends upon the magnitude of applied field.
Therefore, the RMA model may give us an insight into mi-
croscopic parameters of V[TCNE]Xmagnets synthesized via
different methods.

=-Jex|S_ Sr Sr Dr2I (nrSi)2- D AI (sh2

)

-gf*B4 HSie

Most theoretical studies of RMA are based on the Hamil-
tonian H, where Dr is a random uniaxial anisotropy energy,
n is a unit vector corresponding to a random field that points
in the direction of local anisotropy, Dc is the energy of the
coherent anisotropy, and Jex is the exchange energy.
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Assuming that Jex'Dr< 1 (weak RMA), it was shownll
thatat T 0 the approach of the magnetization M (H) toward
saturation along the direction of an applied magnetic field H
is equal to

K2R h

M H Ms 1 30A2

0 drexp(- r/RHr Cc(r) ,

where C(r) is the correlation function of the local anisotropy
directions defined by C(r)=1 as r— and C(r)=0 as r
>R a (where Ra is the structural short-range order length)
Rh=\A/MO(HAHCc)]¥2 K=Dr/a3, A=zJ/12a, Hc is the
uniaxial anisotropy field, Dr is a strength of local anisotropy,
a is the mean distance between the z nearest spin sites, and
M 0 is the magnitude of M.

Three different magnetic phases and M (H) dependences
are predicted depending on the strength of the applied exter-
nal magnetic field:11-14
(0 for H + Hc>H ex, the near collinear or quasiparamagnetic
phase,

2
1 Hr

1 —
15 H Hc He

ii for Hs H Hc Hex, ferromagnetic with wandering
axis FWA phase,

C
M(H)=MS -

(H) H He V2 2
and iii for H Hc Hs, the correlated spin-glass CSG
phase, M 0. Here

aM 0 2zJa2MO0
Hex= - 3
a2h 12 fi
120w r3’ 4
12DrMI,2tRa 2
A= 5
zJ a

Hs= (Hr)3(Hex4, Hr= 2nfj,BDrM 0/Ms, and O is a corre-
lation volume of anisotropy defined by

0= O4irr C(r)dr. (6)

Assuming that the correlation function decays exponentially,

C(r)=exp(—/Ra), one can get the apparent field depen-
dence of magnetizationii-14

2
—Ms= —73,
s 15p(1+p)3

wherep =[(*"+ H ¢)/He] 2 Forp—0 (H<sHex) one has

azh"2
M M ~ 1 H+Hc)U2
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K of the V TCNE x: B bulk sample, solid line, fit to the equation
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line, fit to the equation M (H) = Ms—C/(H+Hc)m.

Two regimes of magnetic behavior, predicted by the
RMA model, can be clearly differentiated for B. For H
< 100 Oe the bifurcation of FC and ZFC M (T) dependences
and the shift of the ac susceptibility broad maximum with
frequency are characteristics of spin glass. In higher fields, B
should exhibit properties of a FWA phase. Since Tc for B
exceeds room temperature, Hex is expected to be high, and
the high-field M (H) data was fit to Eq. (2, Fig. 11(a). The
best agreement between experimental and calculated
M(H) was obtained for Ms=21.7emuOelg, C
= 1435 emu Oe32(g, and Hc= 25.4 kOe. This agreement with
RMA theory indicates that the magnetic structure in the 0.1

H 50-kOe external field is strongly noncollinear, and B
behaves as a ferrimagnet with a wandering axis. Its spins are
tipped out of the H direction with a characteristic angle
= (H&/H3H )V4 in which orientation may be locally pre-
served over length R+t<"HeRa/2H.

In contrast, in the fields H H  Hc the theory predicts
that the weak RMA system should exhibit properties of a
CSG. Interestingly, the critical field parameter Hs= H 4/H X
= 6.T3(C/Ms)2=28.2k0e depends only upon two fitting pa-
rameters C and M . Assuming a constant anisotropy field
Hc= 25.TkOe (the third fitting parameter), it follows that in
fields less than 2.8 kOe spin-glass behavior is expected. This
agrees with experimental observations and confirms that ob-
tained RMA model parameters have reasonable values.

Prior to evaluation of the random disorder parameter
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(Hr), Hexshould be estimated from Eq. 3 . The value of zJ
we take from the mean-field expression for conventional fer-
romagnets

Tc=(2zJ/3k)Se(Se+ 1).

Using Tc= 410K and Se= 1 we obtain zJ~~820K, yield-
ing J= 137K for z=6. Assuming that Ra/a= 25/3,7 Hex
= 35.7 kOe, which is within the field range studied. How-
ever, since Hex~ (a/Ra)2, its value may be underestimated
due to a large uncertainty in a/Ra evaluation. It may also
indicate that in H> 50-kOe external field, the near collinear
or quasiparamagnetic phase can be achieved.

From Egs. (4 and (5), Hs=h4/H x=6.43(C/Ms)2
= 28.2kOe, Hris ~33.6 kOe and the corresponding value of
Dr 2.3K. The coherent anisotropy energy Dc is equal to
0.33fiBHc/kB, giving Dc~-0.6K. Thus, J>Dr>Dc in
agreement with the application of the RMA model, and the
obtained anisotropy and exchange parameters have consis-
tent values. A large value of the random anisotropy
energy Dr is also consistent with a substantial degree of
disorder in this system originating from solvent molecules
incorporated in its structure. On the other hand,
Dr for V[TCNE]x-y(CH2CI2) is considerably lower than the
values of 55 K for both V[TCNE]x-y(THF or
V[TCNE]® H3CCN).7

The higher than expected value of M s may derive from a
higher than 2 average effective spin {assuming that defects
modulate a charge transfer from VIl to TCNE as pro-
posed above or from nonstoichiometry.

From Fig. 8, the field dependence of magnetization ap-
proaching saturation M (H) for F is very different from that
for B. The experimental data can almost equally well be
fitted by both Eqs. 1 and 2 Fig. 11 b . The best fit for
Eq. (2) was obtained with M = 185emuOe/g, C
= 53.8 emu Oe32(g, and Hc= 6.3 kOe. Both parameters Hc
and C which are proportional to HR are substantially lower
than those for B with respect to F. Preliminary electron-spin-
resonance studies of F show an intensive signal near g 2.
Lack of other signals with g 2 can indicate that the coher-
ent magnetic anisotropy is very small, and therefore, a large
difference between Hc in the film and bulk samples is not
expected. The analyses of V[TCNE]Xmagnets prepared us-
ing coordinating H3CCN and THF solvents in the framework
of RMA also gave Hc close to that for the bulk sample.7
Thus, the parameters obtained by fitting to Eq. 2 do not
completely reflect the real situation in B.

The best fit to Eq. 1 for F at 5 K was obtained
with Ms= 18.3emuOe/g, Hr= 16.5kOe, and Hc+ Hex
= 26.6kOe. Ms is very close to the value that one should
expect for the effective spin of |. It is consistent with the
lack of defects originating from the solvent substitution
and/or blocking of the coordination sites. The parameter Hc
+ Hexis only 1.2 kOe higher than Hc for B. As it was men-
tioned above, Hc is expected to be similar in value to those
obtained for V TCNE x prepared in different ways. There-
fore, it is conceivable to assume that in the film, the Hex
parameter should be much smaller than that for the bulk.
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Since Tc is the same for B and F, the a/Raratio in the film

is smaller, and the correlation length Ra is higher. Interest-
ingly, another parameter of the RMA model Hr is half that of
F with respect to B, which is also consistent with less disor-
der in F and higher value of Ra. The small value of Hex is
also supported by the fact that in H> 5 kOe, M (H) for F can
be fitted to Eq. (1), which is valid only for H > H ex.

Accordingly to Chudnovsky etal.,1216 a weak
coherent anisotropy, satisfying @2 2 where c
= (2/15) ¥AHc/HexX), Xr= (2/15) V2AHr/HeX)] destroys the
correlated spin-glass state (CSG). Assuming Hex=6 and
Hc= 20.6kOe, X12 is only slightly higher than Xr. Taking
into account that our estimation of Hex is very rough, the
possibility of the CSG in the film sample in H 0 cannot be
completely ruled out. However, the character of the dc irre-
versibility as well as the lack of ac susceptibility frequency
dependence suggests that the nature of this phase in F may
be different from that for B.

Evidently, application of a relatively weak external field
may destroy the CSG state and F becomes a FWA. Since H ex
in F is apparently much smaller than in B, and the FWA
phase is limited by the condition H +H CG< H ex this phase
survives only in a relatively narrow field interval. On further
field increase, the FWA transforms into the nearly collinear
ferromagnet in our case, ferrimagnet phase.

Interestingly, the temperature dependences of remanence
and coercive field are very different in the film and bulk
samples, again suggesting that these materials may have dif-
ferent ground states in low magnetic fields. We speculate
that the solution—prepared bulk samples (B)—most prob-
ably consists of randomly oriented atomic clusters. The large
irreversibility in the dc magnetization of F may be explained
by magnetic domain freezing instead of a spin-glass state.15
However, to prove these assumptions, additional structural
and magnetostructural information is of great importance.

V. CONCLUSIONS

We have reported M (H,T) for two members of the
V[TCNE]Xfamily magnets, namely, prepared using the non-
coordinating CH2CI2 solvent and prepared via solvent-free
CVD. Since the irreversible magnetostructural transition oc-
curs almost at the same temperature for both materials, and
the extrapolated values of Tc obtained from Ms(T) depen-
dences coincide for both substances, the presence of nonco-
ordinating solvents like CH2CI2 does not substantially in-
fluence Tc. However, the noncoordinating solvent creates
additional structural disorder resulting in a spin-glass behav-
ior at liquid-helium temperatures in low magnetic fields
(H< 100 Oe), small remanence, and vanishing Her
at room temperature. Hence, the properties of
V[TCNE]Xsy (CH2CI2) are very similar to those of the other
members of this family of magnets produced using C4H80
and H3CCN.7

In contrast, as the CVD film lacks these structural defects
and has increased structural order, this leads to a totally dif-
ferent M (H) dependence approaching saturation as well as
different behavior of *"(T), Hcer(T), and M r(T). The de-
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gree of disorder of both studied compounds was analyzed in
the framework of the random magnetic anisotropy model,
which provided a quantitative confirmation of this assump-
tion.

Thus, the reliable technique of V TCNE x film deposition
with reproducible magnetic properties and enhanced stability
was proposed, which makes this material potentially appli-
cable for device fabrication.
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