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Ferrimagnetic resonance in films of vanadium [tetracyanoethanide]x, 
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Ferrimagnetic resonance (FMR) measurements in thin films of V[TCNE]X grown by chemical vapor depo
sition exhibit a series of sharp lines at 300 K. The orientational dependence of these lines is a result of the 
sample geometry provided the magnetization tracks the applied magnetic field. The FMR intensities scale with 
the temperature dependence of the magnetization as measured by SQUID magnetometry. The temperature 
dependence of the FMR at various orientations yields an estimate of the local, negative anisotropy field, which 
is approximately 200 Oe at zero temperature and decreases linearly with increasing temperature and is well fit 
by a model developed for spin glasses. The widths of the FMR lines track the temperature dependence of the 
magnetization, which suggests that they are determined by density fluctuations. The spacings between the 
individual FMR lines and their temperature dependence are consistent with the presence of nonlinear spin 
waves, whose critical microwave field is approximately 10-2 Oe. A rough estimate of the exchange stiffness 
constant is A = 10-10 erg/cm. The small value of A may be due to the magnitude of the antiferromagnetic 
exchange between V and adjacent TCNE and the frustration of AFM exchange between adjacent TCNE 
radicals.
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I. INTRODUCTION

Magnets based on organic molecules have been studied 
for many years.1 During this time many advances have oc
curred including the production of materials with magnetic 
ordering temperatures, Tc, above room temperature2,3 and the 
discovery of new types of magnetic phenomena in organic- 
based magnets.4 One such system is V TCNE x where x is 
approximately 2 , in which VII ions coordinate tetracyanoet- 
hylene ion-radicals [TCNE] “ to form a three-dimensional 
network. The original synthesis of V TCNE x involved the 
use of various solvents.2-4 The degree of structural order is 
dependent upon the coordinating ability of the solvent.5 The 
random magnetic anisotropy increased with increasing struc
tural disorder.5 For V[TCNE]X prepared in noncoordinating 
CH2Cl2, Tc~ 400 K .2,3,5 For samples prepared in C4H9O ,6 
the Tc value was reduced to approximately 200 K. The value 
was further reduced to Tc 100 K for samples prepared in 
CH3CN .7,8 The glassy magnetic behavior was more promi
nent as Tc decreased. A change in the source of V from
V C6H6 2 to V CO 6 in solution prepared samples increased 
the structural order resulting in less prominent glassy 
behavior.9

Recently the material has been deposited on substrates 
using a chemical vapor deposition CVD process that does 
not require a solvent.10,11 In both the CVD-prepared films 
and the CH2Cl2 solution prepared powder samples,2,3 Tc is 
approximately 400 K, but the structural disorder is less in the 
CVD-prepared films.10 V[TCNE]X is a ferromagnet with the 
V2+ forming one sublattice and the [TCNE]- ligands forming 
the other sublattice. Since the respective spins of these two

sublattices are 3 / 2 and 1 1 /2  for each TCNE , the net spin 
is 1 / 2 per formula unit.2 Earlier ferrimagnetic resonance 
FMR studies of powder samples prepared in CH3CN solu

tion demonstrated the feasibility of probing the disordered 
magnetic states with FMR ,13 and the results were analyzed 
using the Becker model14 for FMR of spin glasses.

In this paper we report the first FMR studies of thin CVD 
films of V TCNE x, where Tc is above 300 K. Although the 
details of the FMR spectra in these CVD films depend on the 
individual sample, the general features, such as the angular 
dependence of the spectra, the temperature dependence of 
the linewidths, and the anisotropy factors, are universal prop
erties of all films. These thin films have several advantages 
in studying the microscopic magnetic properties. First, the 
FMR exhibits very narrow linewidths near Tc so that both the 
microscopic, magnetic anisotropies and the anisotropies due 
to the shape of the film can be studied in detail. Second, the 
temperature dependence of the FMR as a function of the 
orientation of the film in the external magnetic field provides 
an accurate measure of temperature dependences of the an
isotropy field and the effective g -values. Third, measure
ments of the FMR intensities and line widths as functions of 
temperature provide estimates of the temperature dependence 
of the saturation magnetization and the porosity of the films, 
respectively. Finally, the occurrence of spin waves in the 
nonlinear regime provides an estimate of the exchange stiff
ness constant.

Inhomogeneities play a role in two of the FMR properties 
of the CVD films of V TCNE x. In particular, the linewidth 
is determined by density fluctuations, and the details
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FIG. 1. FMR line shapes of V[TCNE]x [samples I and Ila in (a) 
and (b), respectively at 300 K for the magnetic field parallel (6 
=0°), perpendicular (0=90°), and 0=54.7° with respect to the nor
mal to the plane of the film. See text for details.

of the nonlinear spin waves also depend on inhomogeneities 
in the films.

II. EXPERIMENTAL DETAILS

The films of V[TCNE]x were prepared by chemical vapor 
deposition (CVD). Bulk samples of V[TCNE]x • y(CH2Cl2) 
were prepared according to procedures described in the 
literature.3 The CH2Cl2 used for the reaction was distilled 
from the appropriate drying agents. Three V[TCNE]x films 
were deposited on thin glass substrates (5 x  2 x  0.1 mm) us

ing the CVD method described in Ref. 10. All manipulations 
and reactions were performed in an Ar-filled, Vacuum Atmo
sphere DriLab glove box ( ~  1 ppm O2 and <  1 ppm H2O) as 
described in detail elsewhere.10 Samples for the FMR mea
surements were sealed in ESR-grade quartz tubes15 for spec
troscopic investigations at approximately 9 GHz. Details of 
the ESR spectrometer (Bruker, Model EMX) and Helitran 
variable temperature system used for these studies are avail
able elsewhere.15

Three CVD-prepared film samples and one CVD prepared 
“powder” sample were used for this study. The three film 
samples, denoted by I, IIa, and IIb, were deposited at a sub
strate temperature of 4 0 ± 1 °C , and the thicknesses ranged 
from about 0.5 to about 2 m. Samples IIa and IIb were 
made from a single deposition, and sample I was made from 
a different deposition using the same substrate temperature 
and mass-flow parameters. In order to maximize the sample 
mass, the powder sample was made from material scraped 
from the walls of the reactor as described in Ref. 10. This 
powder sample may be less homogeneous than the film 
samples and may have a different value or varying values 
of x (different composition)-

III. EXPERIMENTAL RESULTS

In contrast to the isotropic and generally featureless struc
tures observed in solvent-prepared samples of V[TCNE]x,3,13 
the FMR spectra of the CVD films exhibit a rich structure 
below the transition temperature (Tc). In addition, at all tem
peratures the FMR spectra in the films exhibit variations in 
the resonant frequencies depending on the orientation of the 
magnetic field with respect to the plane of the film. An ex
ample of the data obtained at 300 K is shown in Fig. 1 for 
samples I and IIa. This figure shows the room temperature 
FMR measurements derivative of the FMR absorption spec
trum at approximately 300 K on two thin films of 
V[TCNE]x made in different deposition runs with H  parallel, 
perpendicular, and 54.7° from the normal to the plane of the 
film. The angle from the normal to the plane will henceforth 
be designated by . The angular dependence is primarily 
due to the disklike shape of the sample that produces the 
standard surface effects, which we shall henceforth charac
terize using the magnetization vector M. One can see clearly 
from Fig. 1 that the individual linewidths are very narrow at 
300 K approximately 1 Oe peak-to-peak in the derivative 
spectrum .

The features of the orientational dependence for the 
300 K FMR shown in Fig. 1 and also in Figs. 3 and 7 at 
300 K are easily explained by the standard dependence of 
the effective magnetization on the shape of the sample. In 
general, for an infinitely thin disk where the magnetization 
does not necessarily lie along the applied field H , the reso
nant frequency is given by two equations that must be solved 
self consistently.16-18 In our case, where 4 ttM < H  (H  is the 
applied field) at all temperatures, the magnetization does in
deed lie along the applied field for all orientations, and the 
behavior is governed by a single equation,1718
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H =  \ 2 v M -  2 - 3  sin2( 0)

9 sin4(0) -  8 sin2(0) +
4H;

(4ttM  -  Ha) 2

1/2
% (D

where H  is the applied magnetic field, M  is the saturation 
magnetization, HA is the random uniaxial anisotropy field, 
which we shall assume is independent of angle, is the angle 
from the normal to the plane of the film, and H r is the inter
nal resonant field i.e., the field at which resonance will oc
cur in the absence of any shape effects . The internal reso
nant field can be described by an effective g-value, geff 
= hv0//xBHr, where h is Planck’s constant, v0 is the spectrom
eter operating frequency, and B is the Bohr magneton.

For the two symmetry directions, 0=0° and 90°, Eq. (1) 
reduces to

H( 0) = Hj_ = 4 ttM  -  Ha + H r, (2 )

and

H 1
H(90 ° ) = H  = y -  -  2 ttM  + 2 [(4 ttM  -  Ha )2 + 4h2]1/2,

or

Ha
H  =  -  2 7tM  + —  + H r,ti 2  r’

(3)

(4)

where Eq. ( 4  holds when 4 ttM - HA< H r.
The angular dependences of several specific features of 

the spectra in Fig. 1 are shown in Fig. 2. These features 
correspond roughly to the lowest, highest and intermediate 
features in the spectra of Fig. 1 as shown in the inset to Fig.
2. (The bottom trace in the inset to Fig. 2 for 0=90° has been 
inverted about the magnetic field for 0=54.7°.)

From Eqs. (2) and (4) one can see that there is a specific 
symmetry of the quantity 4 ttM  -  HA about Hr. In addition, 
from Eq. (1) one can show that H —H r at 54.7°. Therefore, if 
one reflects the spectrum for 0=90° about the position of the 
narrow resonance, which occurs at 0=54.7°, and expands the 
scale by a factor of 2 , then the comparison with the spectrum 
for 0=0° is as shown in the inset to Fig. 2. (The vertical axis 
of the spectrum for 0=90° has also been inverted because of 
the phase introduced by taking the derivative. One can see 
from the inset to Fig. 2 that nearly every feature in the spec
trum for 0 = 0 ° is approximately reproduced in the one for 

= 90°, albeit with less resolution. The decrease in resolution 
for the case where 0=90° occurs because the natural line- 
width of each individual feature is independent of orienta
tion, and one effectively decreases the resolution when the 
lines are closer together.

This correspondence clearly indicates that the many 
“resonances” seen in the spectra are coupled in pairs. They 
either correspond to different regions in the sample with dif
ferent values of 4 ttM  -  HA or to the presence of magnetic 
excitations with finite wave vector (spin waves). Details will 
be discussed below.

FIG. 2. Angular dependence of three features in the FMR spec
tra of V[TCNE]x (sample IIa) at 300 K. The specific features are 
indicated in the inset. The solid lines are fits to the data as described 
in the text. The inset shows a comparison of the low field 
= 90°) and high field (0=0°) resonances in V[TCNE]x (sample IIa). 
The resonance for 0=0° has been reflected about a point 1/3 of the 
distance to the resonance for 0= 0° (i.e., about the position of the 
narrow resonance at 54.7°). The phase has also been inverted 
180° because the spectrum is the derivative of the absorption. The 

circle, square, and triangle refer to the data as plotted in this figure. 
See text for details.

The spectra of Fig. 1 exhibit the symmetry predicted by 
Eq. ( 1). As shown in the inset to Fig. 2 , the position of the 
resonance at an angle of approximately 54.7° with respect to 
the plane of the film is twice as far away from the resonance 
with H  perpendicular to the plane of the film (0=0°) as it is 
to the resonance with H  parallel to the plane of the film 
= 90° . In addition, the angle at which the spectra collapse to 
a single narrow line depends critically on the orientation of 
M  with respect to H , and this angle is only 54.7° (corre
sponding to 3 cos2(0) = 1) for M  always parallel to H  [i.e., 
when Eq. (1) holds] and when 4 itM < H .  The crossover at 
0=54.7° is only approximate for finite values of 4 ttM - HA, 
and it corresponds to neglecting the square root factor in Eq. 
(1). Since we shall show that HA — 0 at 300 K, we neglect 
Ha, and to first order the dependence of the crossing on M  
can be expressed as

H  Hr
2 / 2 t tM \ 2

‘ - 3  U r  +
5

For the present case 2 ttM  is approximately 50 G, and the 
second term in Eq. 5 is less than approximately 0.5 Oe, 
which cannot be resolved on the scale of Fig. 2.

From an average point on the spectra with 0=0° or 0 
= 90°, one can estimate from Eq. 1 that the magnetization at 
300 K is on the order 10 G, if HA can be ignored, a situation 
that we shall justify below. Therefore, our approximation that 
4 itM < H  is justified a posteriori.

The solid lines through the data in Fig. 2 are fits using Eq. 
(1) with M  scaled to a specific peak at 0=0°. The three lines 
correspond to the features shown by the arrows in the inset to

+
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FIG. 3. FMR line shapes in V[TCNE]X (sample IIa) for (a) 0=0°, (b) 0=54.7°, and (c) 0=90° at selected temperatures.

Fig. 2. The agreement with the predictions of Eq. 1 is ex
cellent.

As the temperature decreases, especially below about 
100 K, the linewidths of the individual features shown in 
Fig. 1 increase. Figure 3 shows the temperature dependence 
of the spectra for three values 0=0°, 54.7°, and 90°. In Fig.
4 we show the temperature dependence of the linewidth 
peak-to-peak width of the derivative for an individual line 

for sample IIa as indicated by the arrow in Fig. 3 . The filled 
circles are data for a powder CVD-grown sample of
V TCNE x, which contains no solvent. Note that the line- 
widths of the powder sample at all temperatures are much 
greater than those of the film, presumably due to greater 
inhomogeneities in the powder. The dashed and solid lines

are theoretical fits to the data to be discussed in the next 
section.

The integrated FMR intensity double integral of the de
rivative traces increases as the temperature decreases. This 
behavior, which is consistent with the temperature depen
dence of the magnetization, is shown in Fig. 5 for sample IIa 
for the field perpendicular to the plane of the film ( 0= 0 ° .  
Similar data were obtained for other orientations and other 
samples sample I and sample IIb . The specific angle 
= 0 °) was chosen because the error in the double integration 
was smaller. The solid line is a theoretical fit to be discussed 
below. Figure 6  shows the dependence of the integrated FMR 
intensity on the applied microwave power for sample IIa at 
300 K. Similar data are obtained for all samples at all mea-
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FIG. 4. FMR linewidth peak-to-peak width of the derivative 
spectrum as a function of temperature for V TCNE x sample IIa, 
open squares, at =54.7° . The dashed and solid lines are model fits 
to the data assuming the broadening mechanisms are local aniso
tropy and porosity or surface roughness , respectively. The filled 
circles are data for a powder sample, and the long dashed line is an 
aid to the eye. See text for details.

sured temperatures. The solid line in Fig. 6  is drawn such 
that the intensity is proportional to the applied microwave 
magnetic field square root of the microwave power . One 
can see from Fig. 6  that the data accurately fit this depen
dence over the entire range of experimentally accessible m i
crowave fields, and therefore that the double integrals of the 
derivative spectra should be proportional to the magnetiza
tion within experimental accuracy.

It is well established that one may estimate the tempera
ture dependence of the magnetization from the temperature 
dependence of the intensity of the FMR , 19 such as the data 
presented in Fig. 5. Previous studies5,8-10,12 on powder 
samples have shown that the temperature dependence of the 
magnetization in V TCNE x can be well approximated by the 
Bloch form20

FIG. 6. Dependence of integrated FMR intensity on microwave 
power. The solid line is a fit assuming the intensity depends on the 
square root of the power (unsaturated. See text for details.

M ST  = M X  0 ( 1 -  BT3/2), 6

FIG. 5. Integrated intensity of the FMR for V TCNE x for 
sample IIa. The solid line is a fit to the data as described in the text.

where Ms 0 is the magnetization at zero temperature and 
the parameter B , which characterizes the temperature depen
dence, is a measure of the ease with which spin waves can be 
excited.21 For the fit in Fig. 5, B = 1.13 X 10-4 K3/2, and 
M s 0 is an arbitrary parameter. The fits to the temperature 
dependence of the FMR line positions discussed below yield 
Ms 0 = 2 2  G. Following the procedure of Ref. 20 one can 
crudely estimate the critical temperature for this film from 
the extrapolation to zero. This extimate is Tc=430 K, which 
is in substantial agreement with results presented earlier.20 
For the film used in this study this value of M s 0 corre
sponds to 2 2  emu/ g assuming a density of unity for
V TCNE x . The values of these parameters are very close 
to those determined on a similar film using SQUID 
magnetometry Ms(0) = 14.2 em u/g, B = 1.13 X 10-4 K3/2, Tc 
=410 K .19,12 Although the SQUID measurements were 
made at higher fields, at least the low temperature magneti
zation should not depend strongly on the field.

In Fig. 7 we show the temperature dependence of the 
magnetic field for a particular FMR spectral feature zero- 
crossing for the highest lowest -field derivative peak for 
=0° (90°)] for sample IIb at 300 K. These two features cor
respond to the same FMR line as will be discussed below. At 

= 54.7° all lines collapse to the same field. Therefore, the 
data that are shown for =0°, 54.7°, and 90° in Fig. 7 cor
respond to the same individual FMR line. Filled and open 
symbols in Fig. 7 refer to samples IIa and IIb, respectively. 
Similar curves were found for the other pairs of spectral 
features and for all samples studied. The open diamonds in 
Fig. 7 show data for a CVD-prepared powder sample of
V TCNE x. Although the values are slightly different than 
the data at 0=  54.7° in the film, the temperature dependence 
is essentially the same.

IV. DISCUSSION

We first discuss the role of uniaxial anisotropies in deter
mining the temperature dependence of the FMR in

064411-5
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FIG. 7. Temperature dependence of the magnetic field of a par
ticular FMR line for V[TCNE]x at 0=0°, 54.7°, and 90°. Data for 
sample IIa and sample IIb are indicated by filled and open symbols, 
respectively. The open diamonds are data for a CVD-prepared pow
der sample. See text for details.

V TCNE x. One often adopts the phenomenological 
approach,21 which sets HA = 2K/ M , where K  is an anisotropy 
constant. This phenomenological approach does not work for 
the present case because it is unable to account for the tem
perature dependence of the FMR spectra given the observed 
temperature dependence of M . We therefore adopt a more 
microscopic approach that was originally developed by 
Becker for spin glasses14 in the limit of small remanent mag
netization. The philosophy here is that the disorder in the 
organic, molecular magnets5-8,13 may be similar to that 
which exists in spin glasses. In addition, since the remanent 
magnetization is small for both systems,13,14 the major ap
proximations made are appropriate for FMR in V TCNE x.

We can extract the temperature dependence of HA from 
the data of Fig. 7 because we can estimate the temperature 
dependence of M  from the FMR intensity as a function of 
temperature Fig. 5 . We assume, as will be justified later, 
that HA 0 at 300 K. This assumption establishes the abso
lute value of M  at 300 K of 8  G, and the data of Fig. 5 or Eq.
6  determine the values of M  at all measured temperatures. 

In particular, M  0 = 22 G. We can now determine HA T 
from the difference between H  0° and H  54.7° , which is 
4 ttM - Ha. In principle, we could also use the difference be
tween H  90° and H  54.7° or between H  0° and H  90° , 
but these differences are less accurate, especially at low tem
peratures. Any inconsistencies will, of course, be reflected in 
the final fits. The resulting values of HA are shown as solid 
triangles in Fig. 8 . The fact that the anisotropy field is nega
tive is taken into account by the sign in Eqs. (2)-(4). These 
values can then be used with M  T  from Fig. 5 or Eq. 6  to 
fit the temperature dependence of H r at any value of 0 with 
no adjustable parameters, but so far the procedure is entirely 
empirical and relies on the assumption that HA is negligible 
at 300 K. The solid and dotted lines in Fig. 8  are fits to the 
data using the model of Becker,14 which we now describe.

We first concentrate on the data at low temperatures 
where the mathematical expressions are simpler. At low tem-

FIG. 8 . Extraction of the temperature dependence of the aniso
tropy field HA from the positions of the FMR resonances at =0°, 
54.7°, and 90° for sample IIa (solid triangles and open circles). The 
solid triangles and open circles are data obtained by assuming that 
Ha at 300 K is 0 and 10 Oe, respectively. The dotted and solid lines 
are fits, as described in the text, to the solid triangles and open 
circles, respectively. The solid circles are 4nM -  HA as extracted 
from the data of Fig. 7 as described in the text. The dotted and solid 
lines are the fits using the dotted- and solid-line fits to HA shown in 
the figure. See text for details.

peratures the anisotropy field HA is directly proportional to 
the anisotropy constant K  and is given by14

HA
K

0
7

where is the static transverse susceptibility, 0 is the an
gular frequency of the spectrometer, and is the gyromag- 
netic ratio connecting the angular frequency to the internal 
magnetic field H 0 when M  and HA are zero. The value of , 
which is determined by the spin-orbit coupling, is often ex
pressed as a g-value given by

= m i  
7  a  '

(8 )

Experimentally, the temperature dependence of K  is often 
given b y 14,22

K  T  = K  0
2 T 

1 - -----
3 T,f  J

9

where Tf is a temperature below which the spin system can 
be considered as frozen in place. The precise meaning of Tf 
is difficult to define since there exists a wide range of time 
constants in V TCNE x just as there does in the spin glasses. 
We therefore take Tf as an adjustable parameter to fit to 
experiment. We note that although Eq. 7 is only valid at 
low temperatures, the empirical relationship expressed in Eq.
(9) is valid up to T  = 3 / 2 Tf , above which K{T) = 0.

064411-6
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From the values of HA given as solid triangles in Fig. 8 
and Eqs. (7) and (9), the best fit is obtained with HA{0) 
= 195 Oe and Tf =208 K. This fit is shown by the dotted line 
in Fig. 8 . If one assumes as a rough estimate that at T 
= 0  is approximately M / H ,13 then using a'_l = 6 X 10-3 one 
obtains 0) = 2X  102 erg/cm 3. This value is about a factor 
of 5 smaller than is typical for ferromagnetic materials where 
most values fall in the range 103- 106 erg/cm 3.23

Since Eq. (9) applies over the complete range of tempera
tures measured up to 300 K , we can define an effective 
(negative) anisotropy field H*A for this entire temperature 
range as follows:

,  K(T)
H  a(T) = — ^ - .  

Xl UqJ
10

The complete temperature dependence of HA, for which Eq.
7  is the low temperature approximation, can now be ex

pressed as14

h a t  = H q(t) -  h a t  =
H  A T

1 + a
Ha(T)

11

where

M 22
12

and where following Becker14 we assume that a  is essen
tially independent of T . The parameter M 2 represents 
the relaxation of the time derivative of the magnetization 
operator, which is assumed to be roughly proportional to 
T.14) For our purposes we consider a  as a temperature inde
pendent, adjustable parameter. The dotted line fit to HA 
shown in Fig. 8 is drawn for a = 0 , but the near-linear varia
tion of the data solid triangles places an upper bound on 
of approximately 10, from which one could, in principle, 
estimate M 2. However, as we shall see the temperature de
pendence of the FMR linewidth places a much more severe 
restriction on this parameter.

A more general approach to fitting the data of Fig. 7  to the 
model of Becker is to consider the magnitude of the magne
tization to be variable and use four adjustable parameters 
[M(0), Ha(0), Tf, and a] to produce the best fit. Such a 
procedure appears at first glance to produce very ambiguous 
results, but in fact there is very little flexibility in varying 
any of these parameters. The reason is that HA T  cannot 
change sign nor can it increase with increasing temperature. 
These two constraints allow only very limited changes in any 
of the parameters. In particular, HA at 300 K must be 
less than about 15 G. The open circles in Fig. 8 correspond 
to HA 300 = 10 G, and the solid line is a fit to the data 
[HA (0) = 200 Oe, Tf  =246 K, M (0  = 255 G, and a  <5000]. 
This fit does not depend very strongly on , but the linewidth 
calculations to be discussed below place a much more strin
gent limitation 15 .

Given the agreement between the data and the model fits 
as shown in Figs. 7  and 9, we have established that the tem
perature dependence of the FMR line positions is determined

FIG. 9. Temperature dependence of the FMR field at 0=54.7° 
on an expanded vertical scale. The data are for sample IIa. The solid 
line is a fit to the data as described in the text.

by the magnetization and a negative uniaxial anisotropy 
field. The maximum value of this field is approximately 
200 Oe at zero temperature. Previous studies5-9,13 of the 
properties of V[TCNE]X on powder samples prepared in so
lutions of C4H 8O (Refs. 5 and 6 ) and CH3CN (Refs. 7 and 8) 
showed greater structural and magnetic disorder, and the 
analyses yielded much larger anisotropy fields on the order 
of 104 O e . Analyses of the magnetic properties of CVD- 
prepared powder samples10,12 also led to HA~  104 Oe in con
trast to the value estimated here from FMR studies of CVD- 
prepared films of V[TCNE]X. Possible origins of the 
differences in HA values may be aging, partial oxidation, 
differences in chemical composition or local structural order, 
or different assumptions in fitting to the model of Becker.

The small value of HA is not entirely unexpected and may 
in fact be a general property of structurally ordered organic 
ferromagnets and ferrimagnets. Recent results for the charge 
transfer compound tetrakisdimethylamino-ethylene-C60 
TRADE-C60 found a very small value of HA 29 Oe ,24 

which is a factor of approximately 10 smaller than the 
present value obtained for V[TCNE]X. In fact, the models 
developed for spin glasses are applicable to the semiconduct
ing, amorphous, organic molecular magnets because of the 
disorder, but there is no a priori reason to expect that the 
parameters will be similar to the amorphous metals.

The fits to the data in Figs. 7 and 8 assume a zero tem
perature g-value of approximately 1.97, which agrees reason
ably well with that observed for CVD-prepared powder 
samples with no solvent. This fitting procedure precludes the 
calculation of any changes in the g-value with temperature, 
which for ferrimagnets should be fairly small.25,26 However, 
one may estimate these changes from the spectrum at 
= 5 4 .7 ,  which is shown on an expanded scale in Fig. 9.

If one ignores the correction term in Eq. 5 , then the 
temperature dependence of the FMR line at 54.7° determines 
the temperature dependence of geff= ^v0//xBH r. The correc
tion term in Eq. 5 reaches a maximum value of approxi
mately 0.1% at T  =0, and therefore is insignificant compared 
to the temperature dependence of geff shown in Fig. 9. The

21
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value of geff at T  =0 is consistent with the well-known value 
of V2+ in an octahedral environment, which is approximately 
1 .9 8 -1.99.27 At T  =0 geff is approximately 1.97. For V2+ 
larger departures from the free electron g -value are usually 
due to the influence of the covalently bonded ligands.27 This 
situation certainly holds for the V TCNE x because the net 
spin involves unpaired electrons at both the V and TCNE 
sites.

The detailed mechanism for the temperature dependence 
of g eff is not known, From earlier magnetic studies of 
V [ tC n e ]x the exchange interaction between V++(S = 3/2) 
and [TCNE]- (S = 1 / 2  is expected to be nearly temperature 
independent. However, studies of the temperature dependent 
electrical conductivity of solution prepared powders28 and 
temperature and magnetic field dependent conductivity and 
magnetoresistance of CVD-prepared films28-30 show an acti
vated electrical conductivity associated with motion of elec
trons among the [TCNE]- . One may therefore propose an 
admixture of low-lying excited states in these molecular 
films that is due to thermal averaging.31 Using the standard 
spin-orbit correction to the g -value as given by second order 
perturbation theory and taking the matrix element that ad
mixes the excited state or states to be thermally activated, 
one may write

geff(T  = g 0 - A ge
-AE/kr 13

where g0 is the g-value at T  =0, g0-A g  is the high tempera
ture g-value, and AE is the energy difference between the 
ground and first excited states. Equation 13 is essentially 
the same as that used successfully for several organic free 
radicals.32,33 The solid curve in Fig. 9 is a fit to the data with
g0= 1.967 ±0.001, Ag= 8 x  10-3± 4 x  10-3, and AE /k  
= 50 ± 30 K. Further theoretical and experimental studies will 
be necessary to test whether these values are reasonable.

The values of HA T  determined from the temperature de
pendence of the positions of the FMR lines should also affect 
the linewidths.14 The linewidths are given by14

AH(T) =
0

1/2
H A T  
HaT  ■

14

Assuming that the linewidth at the lowest temperature (9 K) 
is entirely determined by Eq. 14 , the fit of this equation to 
the data is shown as the dashed line in Fig. 4 where a =  15. 
Even if the high temperature linewidth is determined by an
isotropy fields, this mechanism cannot explain the linewidths 
at lower temperatures. In fact, using reasonable estimates of 

in Eq. 14 suggests that even at high temperature this 
mechanism cannot explain the widths.

The temperature dependences of the individual FMR line- 
widths in the CVD films are similar to the behavior observed 
previously in solution prepared powder samples except that 
the values are always narrower by at least an order of mag
nitude at any temperature.13 Long et al.13 fit the temperature 
dependence of the FMR linewidth in V[TCNE]X y(MeCN) to 
the same model for anisotropic spin glasses as used in the 
present work and found a consistent fit to the temperature 
dependences of both the resonant field and the linewidth at 
temperatures below Tc. The parameters extracted were, in

FIG. 10. Comparison of the temperature dependence of the 
magnetization M T open symbols run at different orientations and 
different times) and the FMR linewidth AH (solid circles) for 
sample IIb. The solid line is a fit to M T  as described in the text. 
The dotted line is an aid to the eye.

general, very different from those found in the present work. 
As we have seen, this approach does not work for the CVD- 
prepared films of V[TCNE]X. Again, the differences may be 
due to aging, partial oxidation, differences in chemical com
position or local structural order, or different assumptions in 
fitting to the model of Becker.7,8,13

In addition to the linewidths being much larger in the 
powder samples of V[TCNE]X y(MeCN), the shift of the 
resonance frequency from low to high temperature is also 
much greater. Since the analysis presented above should also 
apply to these samples, the larger shift implies that the an
isotropy field at low temperatures may be about an order of 
magnitude larger than in the CVD-prepared films. This in
crease may be due to greater inhomogeneities in the bulk or 
to the interactions between individual flakes in the powder 
in analogy to increases that occur in polycrystalline 

ferrimagnets21).
If HA is not responsible for the temperature dependence of 

the linewidths, then one must establish another mechanism. 
One well established mechanism in polycrystalline and pow
der samples is porosity or fluctuations in local density, which 
produce random demagnetization fields.25,34-37 These fluc
tuations are due to two-magnon scattering processes.25 The
expression for H  is25,35,36

H T
16772 ___ (3 cos2 00 -  1)2

9
M T

cos 0
P , 15

where P  is the porosity, which in the simplest case is given 
by the sum of the volumes of the pores normalized to the 
total volume. In Eq. 15 , 0 depends on the magnetization 
and the sample geometry. First note that H  T  depends only 
on M  T  . In Fig. 10 we show the experimentally determined 
values for these two quantities normalized at low tempera
ture. It is clear that the dependences on temperature are es
sentially the same. In addition, for a thin film geometry 00 is
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FIG. 11. Comparison of the FMR spectra for 0=0° for samples 
IIa and IIb. These samples were deposited in the same run. See text 
for details.

effectively zero,25 so a numerical estimate of P  can be deter
mined from the data in Fig. 10 and Eq. (15). Given M  
=9 Oe and AH =3.5 Oe at 300 K, one obtains P = 6 X 10-3. 
As the films of V[TCNE]X are disordered a porosity of 

0.5% is reasonable. In addition, many other experiments 
indicate that the films of V[TCNE]X are 
inhomogeneous.5,28,38

A second possibility to explain the linewidths is scattering 
due to surface roughness, which is sometimes called etch pit 
scattering because it was first observed in etched, single
crystal samples.25 This mechanism has the same functional 
form as Eq. 15 , where P  is replaced by a quantity that 
depends on the ratio of the radius of the etch pits to the film 
thickness. Atomic force microscopy measurements on 
samples similar to those used for FMR show that surface 
roughness occurs on a scale of about 1 - 10% of the sample 
thickness. However, since these experiments were performed 
in air and it is known that these films are very reactive with 
oxygen,2 one cannot rely of the AFM measurements to pre
dict the roughness in the films sealed under an inert atmo
sphere. Measurements on thinner samples approximately 
0.5 m  thick exhibit linewidths identical to those observed 
for the thicker samples. Therefore, we conclude that the 
FMR linewidths in these films of V[TCNE]X are probably 
due to local inhomogeneities that produce density fluctua
tions rather than dominated by surface roughness.

We now discuss the presence in the FMR spectra of a 
plethora of narrow lines at 300 K Fig. 1 . These narrow 
lines for 6= 0°  and 90° collapse to a single, narrow line for 
0=  54.7° with respect to the normal to the surface of the film. 
When samples are made in different deposition runs the po
sitions of the lines can be very different as shown in Fig. 1. 
However, when two macroscopic samples are cut from the 
same deposition run, the forest of lines is essentially identi
cal as shown in Fig. 11. The reason that the positions of the 
lines are not exactly the same for samples IIa and IIb is that 
sample IIb had degraded slightly because it remained many 
months in the sample tube before the FMR was recorded.

(However, this film was still magnetic with a value of Tc 
above 300 K.) The FMR studies showed that all films stud
ied degraded eventually, presumably due to annealing or oxi
dation. After degradation the FMR no longer depends on 
angle; the resonant field approaches that observed in the un
oxidized films at 54.7°; and the linewidth at 300 K is ap
proximately 11 Oe, the same as the powder sample shown in 
Fig. 4.

There are at least four possibilities for the appearance of 
many sharp lines at 300 K, but only one appears to be plau
sible in the present case. First, there could be a hyperfine 
interaction associated primarily with the vanadium atoms. In 
m ost vanadium compounds this hyperfine structure consists 
of eight lines spaced approximately 80 Oe apart. Although 
there are several reasons why this explanation is unlikely, 
including the spacings between the lines and the fact that the 
structure disappears at 54.7°, the most telling is the fact that 
in ferrimagnetic materials the hyperfine structure is averaged 
by long-rang exchange coupling .39

A second possibility is that the films consist of layers of 
ferromagnetic material, which are isolated from one another, 
where each layer possesses a slightly different magnetiza
tion. Again, there are several difficulties with this possibility. 
For example, in some of the films the number of lines ex
ceeds 60. If all of these are due to individual, isolated layers, 
then for a 1 m  thick film the average layer thickness must 
not exceed about 10 nm, which should strongly affect the 
magnetic properties. Also, the individual lines are very nar
row indicating that each layer would have to be very well 
defined, and the narrowest lines appear very regularly in 
magnetic field, which is unlikely to occur naturally for a 
series of isolated layers. The most telling difficulty is that the 
nearly identical spectra in samples IIa and IIb require that 
any layered structures be homogeneous over macroscopic di
mensions, since these two samples were cut from the same 
film. In sample IIa or IIb there appear to be two or three 
groups of lines that behave differently as the temperature is 
lowered. It is possible that these groups of lines each repre
sent a different layer.

A third possibility is that the features may result from 
interactions among closely spaced layers such as occur in 
ferromagnetic multilayer films. This possibility can be re
jected for the same reasons discussed in the preceding para
graph.

A fourth possibility is that the sharp features may be due 
to the presence of spin waves with wave vector k >  0. The 
existence of spin waves is by far the most plausible explana
tion for the structure, but there are also difficulties with this 
interpretation. For example, the simplest explanation is the 
existence of spin waves in the linear regime. In this case, 
when M  is always parallel to H , one can show17 that H  in Eq.

1 can be replaced by

H  = H  +
2Ak2

M
(16)

where A is the exchange stiffness constant and k = « 7T/ d 
(n = 1 ,3 ,5 ^ - )  is the wave number of the spin wave mode. 
Together Eqs. 1 and 16 predict a series of lines scaling as
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ra2, where n is an odd integer. No such spacing is apparent 
over any extended region in Figs. 1 and 11. In addition, in 
the simplest case one would expect the spin wave modes to 
disappear for 0=90°, which is not the case.

Spectra, which are mirror images, such as that shown in 
Fig. 8 , have been seen in thin films of yttrium iron garnet 
(YIG) ,40 where the individual lines are also very narrow 
(< 1  O e . The appearance of this symmetry is attributed to 
the presence of second order Suhl instabilities,41,42 which are 
nonlinear phenomena involving four magnon scattering.25 In 
principle, first order Suhl instabilities, or two-magnon scat
tering, could be important, but because of the thin film ge
ometry this effect has a large critical microwave field for 
onset (hcrit=c 1 /sin  0O).25 It is interesting to note that second 
order Suhl instabilities lead to asymmetries in the derivative 
lineshapes of the FMR ,39 which are similar to that which we 
observe for V[TCNE]x at the lowest microwave fields. This 
result suggests that the critical microwave field for onset of 
second order Suhl instabilities in V[TCNE]x is very low.

The critical field hcrit for second order Suhl instabilities 
can be expressed as

AH  A H ,

47tM ’
17

where AHk = 1 / y Tk= H0/ u>0tk and Tk is the lifetime for a 
magnon of wave number k . A reasonable lower bound for k 
is Aw-1 where Aw is yAH. For AH  approximately 3.5 Oe at 
300 K, one obtains Tk>  10-7 s. (Because AH  at 300 K is 
probably dominated by porosity, 10-7 s is a lower bound for 
the relaxation times of the spin waves. This value of k leads 
to hcrit^ 4 X  10-2 Oe. For the spectrometer used in this study, 
this value corresponds to a critical microwave power that is 
approximately 0.4 /xW, lower than our lowest operating 
power. Of course, this argument does not guarantee that sec
ond order instabilities occur, only that if they do the thresh
old field is very small. Since most ferromagnetic and ferri- 
magnetic materials have threshold fields for instabilities that 
are well below our maximum microwave field approxi
mately 2 Oe , it is probable that we are in the nonlinear 
magnon scattering regime at all operating microwave pow
ers. The fact that the individual linewidths are dominated by 
inhomogeneities is consistent with a low threshold for non
linear processes.25,40

We now examine the consequences of an inhomogeneous 
sample in producing nonlinear effects,43 where the equations 
of motion must include terms higher than those linear in M . 
(Usually nonlinearities are produced in a uniform sample by 
an inhomogeneous microwave field, but in this case it is the 
inhomogeneous sample interacting with a homogeneous m i
crowave field that produces these effects. Although one can
not fit the forest of lines in the spectra shown in Figs. 1, 3, 
and 11, the basic features can be understood assuming 
groups of nonlinear spin waves.

Walker44,45 has shown that, in the presence of nonlineari
ties, a series of FMR lines can be observed including se
quences where the k =0, or Kittel mode, is absent. Unlike the 
linear spin-wave case discussed above, these series of modes

can appear with roughly equal spacings.44 In addition, unlike 
the linear case, the spacings between modes scale as the 
magnetization, and the only effect of HA is to modify the dc 
field.44,45 Finally, from the spacing between the modes, one 
may obtain an estimate of the exchange interaction constant 
exchange stiffness constant A .

The spacings between the modes generally increase as the 
temperature decreases roughly proportional to the increase in 
M  T  with decreasing temperature Fig. 3 a and data for 
samples I and IIb, not shown . In particular, the spacings 
increase by approximately a factor of 1.6 between 300 K and 
100 K, while M {T) changes by a factor of about 2 over this 
range. This behavior is consistent with that described above.

One may estimate the magnitude of A in two ways. First, 
A  is given by43

A:
kTca2M  

2yh  ’
18

where k is the Boltzmann constant, Tc is the critical tempera
ture, a is a lattice constant, and h is Planck’s constant. Sec
ond, one may express A as43

A =
(SH)M d2 

4 tt
19

where H  is the separation in field between the nearest pairs 
of lines, and d  is the layer thickness. Expression 18 is very 
similar to that obtained for the smallest separation in the 
linear case .36 Using a — 0.3 nm and d — 1 /Am, evaluations of 
Eqs. 18 and 19 yield the essentially same result, A 
—10-10 erg/cm . This value is several orders of magnitude 
smaller than that commonly observed in ferrimagnetic mate
rials such as Gd2Fe14B, where A —10-6 erg /cm .46 The 
smaller value for V TCNE x may simply represent smaller 
exchange between V++(S = 3 /2 ) and [TCNE]- (S = 1 / 2  and 
the effects of frustration in magnetic ordering5-7,29 due to 
antiferromagnetic interactions both between V++ and 
TCNE - and between TCNE - and TCNE - .

V. SUMMARY

Ferrimagnetic resonance measurements in thin films of
V TCNE x grown by chemical vapor deposition exhibit a 
series of sharp lines at 300 K. The orientational dependence 
of these lines is consistent with the well-known effects of 
sample geometry where the magnetization tracks the applied 
magnetic field. Double integration of the FMR derivative 
spectra as a function of temperature yield FMR intensities 
that track with the temperature dependence of the magneti
zation as measured by SQUID magnetometry. The tempera
ture dependence of the FMR at various orientations yields an 
estimate of the temperature dependence of the local, negative 
anisotropy field, which is approximately 200 Oe at zero tem
perature and decreases linearly with increasing temperature. 
This behavior is well fit by a model developed for spin 
glasses.
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The widths of the individual FMR lines increase with de
creasing temperature and roughly track the temperature de
pendence of the magnetization. This behavior suggests that 
the FMR linewidths are probably determined by density fluc
tuations in the films.

The spacing between the individual FMR lines and its 
temperature dependence are consistent with the presence of 
nonlinear spin waves. The critical microwave field for the 
appearance of these nonlinearities is approximately 10-2 Oe. 
These characteristic separations provide a rough estimate of 
the exchange stiffness constant A =10-10 erg/cm . The small 
value of A may be due to the relatively large separation 
between the vanadium ions in these materials.
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