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Detailed electron spin resonance experiments have been performed on single crystals of (TMTSF),PF,
(TMTSF),AsF¢, and (TMTTF),Br. These low-dimensional organic compounds undergo transitions to incom-
mensurate and commensurate antiferromagnetic ground states, respectively. From the antiferromagnetic reso-
nances observed at low temperatures we obtain information on the anisotropy energies, the zero-field spin-
wave frequency, and the spin-flop field. The anisotropy energies of the different AFM ground states depend
strongly on the spin-orbit coupling constant of selenium or sulfur. Well below the phase transition, the order
parameter of (TMTSF),PFs and (TMTSF),AsF4 is only weakly temperature dependent indicating visible
deviations from the behavior expected in mean-field theory. In contrast, the sublattice magnetization of
(TMTTF),Br is a function of temperature down to 4.2 K suggesting the excitation of thermal magnons. The
temperature dependence of the spin susceptibility in the paramagnetic state can be described by the Hubbard
model in the limit of strong Coulomb repulsion. Near the phase transitions the spin dynamics are characterized

by antiferromagnetic fluctuations.

I. INTRODUCTION

The linear-chain  compounds (TMTSF),X and
(TMTTF),X, where TMTSF is tetramethyltetraselenaful-
valene, TMTTF is tetramethyltetrathiafulvalene, and X
stands for a monovalent anion such as AsFg, PF4, ClO,, and
Br, are considered as an ideal class of low-dimensional sys-
tems to study the crossover from localized to itinerant spins
and charges.! ™ The sulfur salts are Mott insulators with lo-
calized spins while the Bechgaard salts (TMTSF),X are
quasi one-dimensional metals. Depending on the organic
molecule TMTSF or TMTTF and/or the anion X, phase tran-
sitions in different ground states are observed at low tem-
peratures 7<20 K.

(TMTSF),PF4 and (TMTSF),AsFg are still regarded as
the prime examples of one-dimensional spin-density-wave
(SDW) systems.'* This insulating state is a consequence of
the instability of the quasi one-dimensional Fermi surface
and can be considered as an itinerant antiferromagnet.* A
large number of experimental investigations have been dedi-
cated to the nonlinear transport and optical properties of the
SDW ground state.>® The magnetic properties have been
subject to investigations by nuclear magnetic resonance
(NMR) (Refs. 7,8) and muon spin relaxation (uSR).” In
these experiments, distinct deviations from the behavior pre-
dicted by the mean-field theory were found in the tempera-
ture dependence of the order parameter of (TMTSF),PF.
Since early experiments,'’~!° susceptibility and electron spin
resonance (ESR) methods have only rarely been used to sys-
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tematically explore the nature of this broken symmetry
ground state although the appearance of antiferromagnetic
resonances (AFMR) is one of the clearest signatures of the
antiferromagnetic ordering.'®!” For example, no work on
AFMR of (TMTSF),PF4 has been published up to now. It is
known from NMR that the SDW ground state in

(TMTSF),PF¢ has an incommensurate wave vector Q
=(0.5,0.24,0.06) and an amplitude of ©=0.08up.'* In a
number of recent experimental works the coupling of the
SDW to the lattice is subject to discussion.*!” X-ray diffuse
scattering experiments gave indications of a mixture between
a spin-density and a charge-density wave (CDW) in the
ground state of (TMTSF),PF,.2° Above the transition in the
SDW ground state, the Bechgaard salts are highly aniso-
tropic conductors. The electrodynamics of the metallic state
are still of highest interest since the reduced dimensionality
implies deviation from the Fermi-liquid picture.?!??

The charge carriers of the sulfur salts (TMTTF),X on the
other side, are stronger localized. The spin dynamics of these
systems can be described by a S=1/2 antiferromagnetic
(AFM) Heisenberg chain in the high-temperature range.’
While most (TMTTF) salts such as (TMTTF),PF¢ undergo a
spin-Peierls transition at low temperatures, (TMTTF),Br or-
ders antiferromagnetically with a commensurate wave vector

Q=(0.5,0.25,0) and a magnetic moment u=0.14uy as de-
termined by 'H-NMR investigations.”> The commensurabil-
ity of the wave vector is due to the fact that the antiferro-
magnetic order is induced by exchange interaction between

6512 ©2000 The American Physical Society



PRB 62

COMPREHENSIVE ESR STUDY OF THE . ..

6513

TABLE I. List of the characteristic parameters measured in different organic linear-chain compounds of
TMTTF and TMTSF which exhibit an antiferromagnetic phase transition. Tgpyw and 7'y denote the transition
temperatures to the spin-density-wave and antiferromagnetic ground state, v is the microwave frequency, () .
are the frequencies of the zero-field modes, H; indicates the spin-flop field, J the exchange constant, and D

and E the anisotropy energies.

(TMTSEF),X (TMTTEF),X
X PF¢ AsFq ClO, Br SCN SbF¢
Tspw (K) 12.2 12.2 12.5 6.0
Ty (K) 13.8 13.0 8.8 6.0
v (GHz) 9.1 9.1 353 11.4,17 9.5 9.3 9.3 9.3
Q_ (GHz) 12.5 11.7 12.3 8.7 12.0 11.9 12.3 8.1
Q. (GHz) 36.9 34.6 353 20.1 18.5 20.5 13.9
H (kOe) 4.5 4.2 4.4 3.1 4.3 4.3 4.6 33
J (K) 1400 1400 500
D (K) 0.33 0.29 0.078
E (K) 0.02 0.018 0.017
Ref. this work 16 17 this work 26 27 27

the spin chains with Mott-Hubbard localized charge carriers
rather than by an instability of the quasi one-dimensional
Fermi surface.”* Additionally, the ground-state properties of
(TMTTF),Br were investigated by susceptibility”® and
AFMR (Ref. 26) measurements. A summary of the most
relevant results of the previous AFMR measurements on
(TMTSF),AsF¢ and (TMTTF),Br as well as related com-
pounds is given in Table 1.

In this paper we present a detailed analysis of our new
ESR measurements on (TMTSF),PF,, (TMTSF),AsF,, and
(TMTTF),Br in the temperature range 1.5 K<7<300 K.
The purpose of our study is to investigate the magnetic prop-
erties of the different antiferromagnetically ordered states.
Particularly, we will discuss the temperature dependences of
the order parameter in (TMTSF),X and (TMTTF),Br and
describe the influence of the relaxation processes on the an-
isotropy of the AFM states. To give a profound basis for the
understanding of the influences of the spin-phonon and
dipole-dipole coupling on the ground-state properties, we
first discuss the regime of AFM fluctuations and present re-
sults on the high-temperature properties of (TMTSF),AsFy.

II. EXPERIMENTAL

Single crystals of (TMTSF),PF¢ and (TMTSF),AsF,
were grown by using the standard electrochemical method. '
The compounds are well characterized by transport measure-
ments and show a metal-to-insulator transition at Tqpw= 12
K. (TMTTF),Br was synthesized electrochemically follow-
ing a detailed procedure outlined previously.?® The sizes of
the single crystals were up to 4X0.8X0.7 mm? for the a, b,
and ¢ directions. The electron spin resonance experiments
were performed in two conventional ESR spectrometers
(Varian E-101 and Bruker Elexsys 500 CW) at 9.1 and 9.5
GHz for temperatures 1.5 K=<7=<300 K and magnetic field
sweeps from 0<H=<19 kOe. The modulation frequency was
100 kHz. For cooling the sample down to 4.2 K, we used an
Oxford He-flow cryostat; lower temperatures were achieved
by utilizing a He bath cryostat. The single crystals were
glued to a quartz rod by paraffin in order to ensure good
thermal contact.They were oriented along their a, b', or ¢*

axes with an accuracy of +5° by using a microscope.”’

III. RESULTS AND DISCUSSION
A. Paramagnetic resonances

A comprehensive ESR study of the paramagnetic state
above the phase transitions in (TMTSF),PF,
(TMTTF),PFs, (TMTTF),ClO,, and (TMTTF),Br was
given by the authors elsewhere.® Here we confine ourselves
in shortly presenting new results on (TMTSF),AsF4 and
compare them with the findings on the other compounds.

Above the phase transitions the TMTSF salts subject of
the present study are quasi-one-dimensional metals. At room
temperature we observe a conduction electron spin resonance
signal near g=2 with a linewidth (HWHM) AH~200 Oe.
The g value and the linewidth have a distinct anisotropy:
they are both largest in the ¢* direction and smallest in the a
direction. In Fig. 1 the temperature dependences of the ESR
intensity (area under absorption curve) which is proportional
to the spin susceptibility x,, the linewidth, and the g shift
Ag=g—-2.002319 of (TMTSF),AsF¢ are displayed. Below
room temperature the spin susceptibility and the linewidth
decrease almost linearly down to 120 K. In the region be-
tween 120 K and 7T'spw= 12 K a smooth change in the slope
of both quantities is observed: while the slope of y, de-
creases the slope of AH becomes larger as the temperature
drops. As shown in Fig. 1(c), the g shifts show only a very
weak temperature dependence implying that the internal field
is basically constant in the metallic phase. At Tqpy the signal
broadens and vanishes within a small temperature interval
AT=~1 K. We also observe an increase of g in ¢* direction
and a decrease in a and b’ direction indicating a rapid
change of the local field. The results on (TMTSF),PF; are
qualitatively and quantitatively similar.> In contrast, in the
sulfur compounds (TMTTF),.X the ESR lines are fifty times
smaller and the g shifts are five times smaller than in
(TMTSF),X and above room temperature, the spin suscep-
tibility exhibits a characteristic maximum.

Since the large thermal expansion along the organic
stacks has visible effects on the temperature dependence of



6514 M. DUMM et al. PRB 62
1.0 - M 1 M 1 v > X -1.5
[ (TMTSF),ASF,  ,xx * [T-TJ &)
w 08 X . 0 1 2
§ L (a) xxxxxx E 8 d T T T 2
LU R P v (TMTSP)AsF,
= 04 K 10F . ] sL O (TMTSP)PE,
= T x “ | | e
021, 32 05t 7 (IMTSDPEf @ b =
00— ® o (IMTTR)Br | | E 4r 41 @
ol ® 00 —— ] 2: =
B A X]
[ 20855 XX 3 .g
g 150 | AAA§§>g<2§x<>° © 7 : e (TMTTF)Br
[ AAXXXQO 0 . 1 L 1 0
S 100} Aﬁﬁgzgo&’ o aaxis 0.0 0.2 04
4 0 x50 X b-axis ] N
50 Wo x ormts [T-T,J(K)
) T FIG. 2. Linewidth AH vs (T—Ty)~ " of (TMTSF),AsF, and
.Ae | (TMTSF),PF, (left and top axes) and (TMTTF),Br (right and bot-
40| AAMMBBDAAANANAAA A A A 2] tom axes) above the antiferromagnetic phase transition in the b’
8 | Ao PROOXRRXXHXKX X X 3¢ ] direction. Ty=12 K for the selenium compounds and 7y=13.3 K
2 20 © . for (TMTTF),Br.
0
-MooooooowwOOoo 6 © the shortest interstack distances between the chalcogen at-
-20 : L : L : oms. We proved that AH 4 is a measure of the interactions
0 100 200 300 P red

T(K)

FIG. 1. Temperature dependence of (a) of the ESR intensity, (b)
the linewidth AH, and (c) the Ag value of (TMTSF),AsFg in the
three crystal directions as indicated. The inset shows an enlarged
view of the spin susceptibility of (TMTSF),PF4 and (TMTTF),Br
near the antiferromagnetic phase transition measured in the b’ di-
rection.

the spin susceptibility, we transformed the spin susceptibility
at constant pressure (x,), into the spin susceptibility at con-
stant volume (x,)y using the scaling introduced by Wzietek
etal. in case of (TMTSF),PF.** In (TMTSF),AsF; and
(TMTSF),PF4 the spin susceptibility at constant volume
shows a weaker temperature dependence than seen for the
spin susceptibility at constant pressure in Fig. 1(a). This be-
havior can be fitted satisfactorily in the framework of the
Hubbard model in the limit of strong Coulomb repulsion. In
both compounds exchange constant is given by J= 1400 K.
The (TMTTF),X compounds can be described as S=1/2
antiferromagnetic Heisenberg chains with completely local-
ized spins.’! The exchange constants are smaller than in
(TMTSF),X, in (TMTTF),Br we derived J=500 K. Going
from the insulating (TMTTF),PFy to the highly metallic
(TMTSF),AsF¢ there is a sudden change in the charge-
transport properties when the transfer integral in b direction
becomes comparable to the charge gap, while the spin dy-
namics changes continuously described by a steadily increas-
ing exchange constant. We interpret this behavior as an in-
dication of the separation of spin and charge degrees of
freedom. As pointed out in detail in Ref. 3, spin-phonon
coupling is the dominant relaxation process in the organic
compounds investigated. The stronger spin-orbit coupling in
selenium is responsible for the remarkable increase in g shift
and linewidth when going from (TMTTF),X to
(TMTSF),X. Additionally, we found out that the reduced
linewidth AH,.q=AH/Ag? increases linearly with the ratio
vc between twice the van der Waals radius of S or Se and

between the organic stacks in the (TMTCF),X salts and
gives a good estimate of the dimensionality.

The inset of Fig. 1 gives an enlarged view on the spin
susceptibility of (TMTSF),PF¢ and (TMTTF),Br in the vi-
cinity of the antiferromagnetic phase transition. In
(TMTTF),Br x, slowly decreases for temperatures 7<50 K,
at 19 K there is a sudden increase of the intensity before the
ESR signal vanishes within a temperature range A7=4 K.
Between 19 and 50 K the spin susceptibility can be fitted
using a model of one-dimensional lattice fluctuations® with
a characteristic temperature T9,=>50 K which describes the
behavior of a spin-Peierls system in the pseudo gap regime
below 7&,. Such a decrease of y, was also observed in the
spin-Peierls system (TMTTF),PFs with T (S)P=62 K333 At
T=19 K, a few degrees above the AFM phase transition,
these lattice fluctuations collapse in (TMTTF),Br. No no-
ticeable decrease of y, is observed above Tgpyw iIn
(TMTSF),AsF¢ and (TMTSF),PF¢ which implies the ab-
sence of lattice fluctuations. Our findings are not in contra-
diction to x-ray diffusive scattering investigations® where
below 175 K weak 2k CDW fluctuations were found. Since
these one-dimensional lattice fluctuations extend over a large
temperature range and are less critical than in
(TMTTF),Br,> the spin susceptibility is not strongly af-
fected by them.

B. Antiferromagnetic fluctuations

The antiferromagnetic phase transition is accompanied by
a strong increase of the linewidth in all crystal directions. In
Fig. 1(b) this is shown for the example of (TMTSF),AsFg;
the same behavior is observed in (TMTSF),PFs and
(TMTTF),Br. A detailed analysis of the temperature depen-
dence of the linewidth AH of all materials investigated near
the antiferromagnetic phase transitions is given in Fig. 2. A
linear increase of the linewidth is observed in this represen-
tation AH vs (T—Ty) ' in all three organic systems, i.e.,
the linewidth follows a critical behavior AHo[(T
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FIG. 3. Angular dependence of the linewidth AH of
(TMTSF),AsF¢ and (TMTTF),Br in the regime of antiferromag-
netic fluctuations (closed symbols) and of (TMTTF),Br at T
=300 K (open circles). The dashed lines represent fits with AH
=[AH? cos*(6)+AH,, sin*(#)]"? (spin-phonon interaction), the dot-
ted line a fit with Hyy=AH,[3 cos’(f)—11** (dipole-dipole inter-
action), and the solid line is the sum of both.

—Tn)/Tx] #. In the case of dipole-dipole interaction the ex-
ponent w is given by u=3—d/2, ie., u=1.5 for three-
dimensional (d=3) antiferromagnetic fluctuations. These re-
sults are confirmed by NMR investigations where a critical
behavior in the relaxation rate 1/7; was observed in
(TMTSF),PF; (Ref. 36) and (TMTTF),Br.*’

At room temperature the angular dependence of g value
and linewidth AH is the same for the selenium and sulfur
compounds. Measuring in the a-b’ plane the angular depen-
dence is given by AH=\JAHZ cos’(6)+AH,, sin’(6) as seen
in Fig. 3 (open circles). Spin-phonon interaction is the main
relaxation process well above the phase transitions. The solid
symbols in Fig. 3 show the angular dependence of the line-
width of (TMTSF),AsF4 and (TMTTF),Br in the regime of
antiferromagnetic fluctuations. Apart from scatterings due to
thermal instabilities the angular dependence of AH remains
unchanged in (TMTSF),AsF4. In contrast, the behavior in
(TMTTF),Br is completely different. Rotating the sample in
the a-b’ plane, the broadest ESR line is measured in a di-
rection (6=0°) and the smallest lines at #=55° in the a-b’
plane. Along the b axis (6=90°) the linewidth has an in-
termediate value. The minimum near the magic angle 6
=54.7° is a strong indication for dipole-dipole interaction.
In the case that dipole interaction is the dominant relaxation
process in one-dimensional systems, an angular dependence
AHg=AH, (3 cos’> 0—1)*3 is expected. As seen in the
lower part of Fig. 3 the orientation dependent measurements
of the linewidth of (TMTTF),Br at 7=14.5 K can be fitted
with the sum of the contributions of the dipole-dipole and
spin-phonon interaction. The spin-phonon interaction be-
comes less prominent with decreasing temperature; the spin-
orbit coupling constant N in sulfur is approximately five
times weaker than in selenium. This lowers the spin-orbit
contribution to the linewidth of (TMTTF),X by a factor of
25 (Ref. 38) while the dipole-dipole interaction increases
strongly in the vicinity of the antiferromagnetic phase tran-
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FIG. 4. Frequency dependence of the AFMR-fields in the three
crystal directions. The solid lines represent the theoretical predic-
tions for (TMTSF),PF4 using ) _=12.5 GHz and (), =36.9 GHz
(see Table I) considering the anisotropy of the g values. The open
circles denote the experimental data at 7=4.2 K for »=9.12 GHz
and v=9.48 GHz. Additionally the X-band frequency (dotted lines)
and the position of the electron paramagnetic resonance (dashed
lines) are shown.

sition. Our findings are in good agreement with the fact that
the spin-orbit contributions cannot be neglected in the anti-
ferromagnetic ground state of the selenium compounds. The
existence of a finite spin-phonon interaction is responsible
for the interchange of the magnetic intermediate and hard
axis. The spin-orbit anisotropy favors the a direction and
therefore in (TMTSF),X the hard axis is changed to the
intermediate axis.*®

C. Antiferromagnetic resonances

While conduction electron spin resonance excites single
spin flips, antiferromagnetic resonances probe the absorption
due to the collective mode of the ordered spin system. At the
beginning of the fifties, Kittel* and Nagamiya** developed
the theory of antiferromagnetic resonances for uniaxial anti-
ferromagnets. Later, the theory was extended to the case of
orthorhombic anisotropy by Yosida,*! Ubbink,** and
Nagamiya.*> The organic linear chain compounds investi-
gated in this work have a triclinic crystal structure. Such
systems are characterized by the most general form of mag-
netic anisotropy, so we have to apply the AFMR theory for
orthorhombic anisotropy. This anisotropy can be described
using the zero-field modes®’

ﬂ+<H=0)=%mJ<D+E>,

Q,(Hzo)ziye\QJE (1)

with J the exchange parameter, D> E are the two anisotropy
parameters, u the magnitude of the local magnetic moment,
mp the Bohr magneton, and 7y, the electronic gyromagnetic
ratio. The field dependence of the modes along the magnetic
easy, intermediate, and hard axis is depicted in Fig. 4 for
(TMTSF),AsF4. Since the materials were investigated at
X-band frequency v~9.5 GHz it was only possible to excite
the low-frequency modes along the easy and intermediate
axis. Along the easy axis, at finite temperature for D,E<<J
and H<<J the field dependence is given by
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1
v(H)= EJU +a )y} + Q2+ 0% = [T+ o) H Y +2(1+ a) 22 (02 + O2) + (02 —02)? )

for the )~ mode (H<Hy;) and

v(H)=H*y'— Q% (3)

for the spin-flop mode (H> H ). Along the intermediate axis
one obtains

v(H)=VH*y}+Q”. 4)

H=Q_/(v, Ja) denotes the spin-flop field, a=1
—X|/x. is a measure of the susceptibility anisotropy below
the  antiferromagnetic  phase transition, and y;
=1v,9,/2.00232 (i=a, b', or ¢*) considers the anisotropy of
the g value as obtained from the paramagnetic resonance
measurements along the a, b’, and ¢* axes above the phase
transitions. If the anisotropy energy is only due to dipole-
dipole interaction, the sublattice magnetization M(7T) and
therefore the order parameter is proportional to Q_(7).* In
this case the temperature dependence of the sublattice mag-
netization can be determined from the temperature depen-
dence of the AFMR frequency using Egs. (2), (3), or (4) for
the individual modes.

If the field is not applied along the three magnetic axes,
the AFMR fields are always a function of ), ), , and v.
The behavior gets rather complicated when the magnetic

field / and common direction of the antiferromagnetic mo-

ments M’ are not perpendicular, i.e., when the magnetic field
is applied in the easy-intermediate plane or when the field is
smaller than the spin-flop field and applied in the easy-hard

@ | (TMTSF),AsF,

(® (TMTTF),Br

0 QJ\(_F_,/ —
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FIG. 5. AFMR spectra of (TMTSF),AsF; (a) and (TMTTF),Br

(b) in the b'-c* plane at T=4.2 K for different orientations (0°
=p’ direction).

plane. In consequence of this, the angle between H and M’
is a function of the strength of the applied field and at finite
temperatures the susceptibility anisotropy parameter « has to
be considered. The complex formulas for the field and angu-
lar dependences of the modes in the different crystal plains
were given by Nagamiya in Ref. 43.

1. SDW ground state in (TMTSF),X

In the spin-density-wave ground state, the Bechgaard salts
(TMTSF),AsFg and (TMTSF),PF4 show the behavior of the
static  susceptibility  typically  expected for an
antiferromagnet.'? Along the b’ direction, y(7) drops rap-
idly indicating the easy axis; the hard and intermediate axes
are oriented in the ¢* and a direction, respectively. The spin
susceptibility obtained from the ESR intensity is in general
isotropic since it does not measure a microscopic magnetiza-
tion. Antiferromagnetic fluctuations give rise to a dramatic
broadening of the paramagnetic resonance line in the vicinity
of the phase transition at T'gpy~12 K. Additionally, due to
the development of internal magnetic fields associated with

c* b' c*
. — T

15 | v (TMTSE)ASF, .
. O (TMTSP),PF, ]
-
8 w0l ]
4 [
§ L
T f R g ]
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FIG. 6. Angular dependence of the AFMR field H, observed in
the b'-c* plane of the materials investigated. The lines were calcu-
lated using the equations derived by Nagamiya (Ref. 43). The upper
panel (a) shows the low-field and high-field resonances of
(TMTSF),AsFs and (TMTSF),PFy, at T7=42 K. For
(TMTSF),AsF4 we obtained the zero-field modes () _=11.5 GHz
and Q,=34.1 GHz (dashed lines) and for (TMTSF),PFs Q_
=12.2 GHz and Q) , =36.5 GHz (solid lines). In the lower panel (b)
the angular dependence of H,., of (TMTTF),Br is shown. At T
=4.2 K the data (closed circles) can be well described with € _
=11.8 GHz, Q,.=19.4 GHz, and «=0.88 (solid lines) and at T
=10 K (open circles) with ) _=8.8 GHz, (), =14.7 GHz, and «
=0.44 (dashed line).
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the appearance of a magnetic moment on the TMTSF mol-
ecules the resonances are shifted in field. The signal fully
vanishes within a temperature interval of 1 K in all three
directions. All the charge carriers and thus all the spins enter
a collective state, in which the spins form pairs; this behavior
is evidence for the development of a spin-density wave.
Well below the SDW phase transition, at 7=4.2 K the
ESR-spectra shown in Fig. 5(a) for (TMTSF),AsF, were
recorded. Along the b’ direction two resonances are
observed,* one at Hresl%2300 Oe and the other at Hy,

~5300 Oe. While rotating the samples around the « axis, the
resonances are shifted towards higher fields. With increasing
angle 6 the signals broaden and the amplitudes decrease.
Along the ¢* axis no resonance is observed. This pattern is
typical for antiferromagnetic resonance measurements when
the plane includes the easy and hard axis. The first resonance
can be attributed to the () mode and the second to the
spin-flop mode. The intensity of the antiferromagnetic reso-
nance signals is of the same order of magnitude as the inten-
sity of the paramagnetic resonance just above the transition.

The angular dependences of the antiferromagnetic reso-
nance fields determined from the spectra shown in Fig. 5(a)
are plotted in Fig. 6(a). For both materials, they show the
same behavior as expected in the theory of AFMR for a
antiferromagnet with orthorhombic symmetry in the plane
with the magnetic easy and hard axis. Using the same param-
eters, the () as well as the spin-flop mode can be well
described by the equations derived by Nagamiya.* At 4.2 K
we obtained Q_=11.5 GHz and Q,=34.1 GHz for
(TMTSF),AsFg and 1 _=12.2 GHz and Q) , =36.2 GHz for
(TMTSF),PF;. Additionally, the ) mode yields «=0.9
for both compounds.

By increasing the temperature from 7=4.2 K the reso-
nance fields are shifted towards lower fields as shown in Fig.
7(a) because the internal magnetic fields get weaker. Conse-
quently, the zero field modes and therefore the AFMR fields
along b’ direction should decrease. Below 4.2 K the AFMR
fields are only weakly temperature dependent. The shift to-
wards lower fields in H s and higher fields in H . is due to

the different microwave-resonance frequency of the cylindri-
cal cavity used for the bath cryostat measurements at 7T
<4.2 K. From the temperature dependence of the resonance
fields the temperature dependence of the zero-field mode ) _
can be calculated using Eq. 2 and the static susceptibility
measurements of Mortensen ez al.'? In Fig. 8(a) the tempera-
ture dependence of () _ is plotted together with the reduced
local field determined from NMR and © SR measurements on
(TMTSF),PF; by Takahashi ez al.'® and Le et al.’ The tem-
perature dependence of the local field can be seen as a mea-
sure of the order parameter of the SDW ground state. There
are clear deviations from the behavior predicted by the
mean-field theory. As already pointed out by Clark et al.” the
order parameter increases rapidly just below Tgpw. This
may imply that the SDW transition in these quasi one-
dimensional systems is not simply a second-order phase tran-
sition but shows a tendency via first order.

From the temperature dependence of () _ and (), the fre-
quencies of the zero-field modes at 7=0 K and therefore the
spin-flop fields can be extrapolated. We obtain ) _=11.7
GHz, ) _=34.6 GHz, and H=4.2 kOe for (TMTSF),AsF;
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FIG. 7. (a) Temperature dependence of the resonance fields of
the low-frequency (closed symbols) and spin-flop mode (open sym-
bols) of (TMTSF),AsF; (V) and (TMTSF),PF, ((J) in b direc-
tion. (b) Temperature dependence of the resonance fields of the
low-frequency mode in " and c¢* direction (@) and the spin-flop
mode in b direction (O) of (TMTTF),Br. Additionally, the low-
frequency (X) and spin-flop mode (+) determined from the mea-
surements in the a-b’ plane are plotted.

and ) _=12.5 GHz, ) _=36.9 GHz, and H;=4.5 kOe for
(TMTSF),PFq, respectively. As summarized in Table I, the
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FIG. 8. (a) Temperature dependence of the low-frequency zero-
field mode _ of (TMTSF),PF. The results are compared with
the predictions of the mean-field theory, NMR-measurements of
Takahashi et al. (Ref. 18), uSR-measurements of Le et al. (Ref. 9),
and the temperature dependence of Q0 _ /Q_(0) of (TMTSF),AsFj.
(b) Temperature dependence of Q) _ of (TMTTF),Br. The solid line
represents the temperature dependence of the sublattice magnetiza-
tion expected in mean-field theory, the dashed line corresponds to
M(T)/M(0)=1—cT? with c=2.7x10"% K73,
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values for (TMTSF),AsF4 are somewhat smaller than the
findings of Torrance et al. at Q-band frequencies;'® no data
on (TMTSF),PFg have yet been published. Together with
the exchange constant J which was derived from temperature
dependence of the spin susceptibility in the paramagnetic
state and the amplitude of the spin-density-waves w/up
=0.08 for both materials'® the anisotropy energies D and E
can be determined using Eq. (1). We obtain D=0.29 K and
E=0.018 K in (TMTSF),AsFs and D=0.33 K and E
=0.02 K in (TMTSF),PF¢, respectively. The square-
frequency ratio (. /Q_)?>=(D+E)/(2E)=8.7>1 is the
same in both compounds indicating that they are near to the
limit of an easy plane antiferromagnet with a small inplane
anisotropy.

2. Antiferromagnetic ground state in (TMTTF),Br

In contrast to the spin-density-wave ground state, in
(TMTTF),Br the antiferromagnetic phase transition is in-
duced by a three-dimensional ordering of the quasi one-
dimensional chains of localized spins. A finite interchain
coupling which is characterized by the exchange constant J
gives rise to the phase transition. Following Ogushi,* from
the transition temperature 7y=13.3 K and J=500 K the
ratio between the interchain and intrachain coupling can be
estimated with J, /J~0.001, i.e., J, =0.5 K. As discussed in
detail in Sec. III B the magnetic anisotropy of the antiferro-
magnetic ground state of the sulfur compounds differs from
that of the selenium compounds: the hard axis is orientated
along the a direction and the intermediate axis along the ¢*
direction, while the easy axis is as well orientated in the b’
direction. The change in the anisotropy is explained by stron-
ger effects of the spin-orbit coupling in (TMTSF),X which
favor the a direction.

Upon cooling the sample, the paramagnetic resonance ob-
served in the high-temperature range vanishes almost com-
pletely at the AFM phase transition within a temperature
interval of 4 K in all three crystal directions. The absorption
spectra of (TMTTF),Br recorded in the b'-¢ plane at helium
temperature are shown in Fig. 5(b). Along the b’ axis we
observe two broad resonances similar to the selenium com-
pounds. When the single crystal is rotated around the a di-
rection the two resonances converge before they are merging
at #=30°; for #>30° both lines vanish. Additionally, we
observe a small line around g~2. This line is much smaller
and higher in amplitude than the signal observed in the
TMTSF salts at nearly the same position. The anisotropy of
this signal is the same as observed in the paramagnetic reso-
nance above the AFM phase transition and the order of mag-
nitude is similar to that of the signal observed in the spin-
Peierls compound (TMTTF),PF4 well below Tgp at 7=4.2
K.? Therefore this resonance can be attributed to paramag-
netic centers in the molecular stacks, for example the ends of
spin chains which are not covered by the antiferromagnetic
ordering. Since the spin-density-wave ground state of the
selenium compounds is incommensurable to the crystal
structure this feature is only observed in the sulfur compound
with a commensurable antiferromagnetic ground state. It
would be interesting to see if by applying pressure the addi-
tional signal vanishes at around p =35 kbar where a transition
from the commensurate to an incommensurate AFM ground
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state is expected in (TMTTF),Br.*’

In Fig. 6(b) the angular dependence of the antiferromag-
netic resonances in (TMTTF),Br is plotted for 7=4.2 K and
T=10 K. At both temperatures the observed patterns are
completely different to those in (TMTSF),X which is due to
the change in anisotropy. Indeed, when a AFMR measure-
ment is carried out in the a-b’ plane of the bromide com-
pound (not shown) we observe the same angular dependence
as displayed in the upper part of Fig. 6 for (TMTSF),AsF¢
in the '-c* plane. The rotation bubble at 7=4.2 K shown
in Fig. 6(b) is characteristic for a measurement in the plane
including the easy and intermediate axis.”® We determined a
shift 6,= —7° between the magnetic axes and the crystallo-
graphic axes. The resonance fields along the easy axis are
given by H e, (69) =1730 Oe and H s, (69) =5380 Oe. To

understand the angular dependence at 10 K it is necessary to
look at the temperature dependence of the AFMR fields dis-
played in Fig. 7(b). With increasing temperature well below
T\ H., is nearly temperature independent while H de-

creases. At 7=8.8 K the low-field resonance vanishes com-
pletely. By further increasing the temperature a new reso-
nance appears along the c¢* direction (intermediate axis).
This behavior can be explained by the decrease of {)_ with
rising temperature. According to Eq. (2) the low-field reso-
nance along the easy axis should vanish for v=0Q_. In
(TMTTF),Br this point is reached at 7=28.8 K. Above this
characteristic temperature, ) _ falls below v and we observe
a new antiferromagnetic resonance along the intermediate
axis which is shifted towards higher fields by further increas-
ing temperature. At 7= 10 K we observe one resonance in b’
and one in ¢* direction, respectively, as seen in Fig. 6(b). At
both temperatures, the angular dependence of the AFMR can
be well fitted with the equations given by Nagamiya.* The
low-frequency zero-field mode () _ decreases from 11.8 GHz
at 4.2 K to 8.8 GHz at 10 K, the high-frequency zero-field
mode ), from 19.4 to 14.7 GHz, and the susceptibility-
anisotropy parameter « from 0.88 to 0.43. There is a good
agreement between « determined from the angular depen-
dent AFMR measurements and the static susceptibility mea-
surements performed by Parkin e al.?® It is remarkable that
the parallel susceptibility y; decreases much slower in
(TMTTF),Br than in the selenium compounds below the
AFM phase transition.

Again, we derived the temperature dependence of () _
from the temperature dependences of the resonance fields
using Eqgs. (2) and (4). Since the spin-orbit contributions to
the anisotropy energies in the sulfur compounds are very
small, () _ is directly proportional to the sublattice magneti-
zation M.* Hence, Q_(T) should follow the temperature
dependence of the order parameter. Figure 8(b) shows the
temperature dependence of ) _ . Unlike the observations in
(TMTSF),X, even at low temperatures {)_ has a distinct
temperature dependence which is much stronger as expected
for the order parameter of a S= 1/2 antiferromagnet in mean-
field theory [solid line in Fig. 8(b)]. Such a behavior is a
strong indication for the appearance of thermal magnons in
the low-temperature regime. In magnetically ordered materi-
als such as ferromagnets or antiferromagnets, the sublattice
magnetization can be lowered by the excitation of thermal
magnons. For a two-sublattice antiferromagnet the deviation
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of the magnetization can be calculated in the framework of
the spin-wave theory. Since the anisotropy energies in the
materials investigated are very small (see Table I) we can
assume a linear dispersion relation w>¢g for the magnons. If
M (0) is the magnetization in the absence of magnons, at low
temperatures 7<<7Ty the deviation of the magnetization
M(0)—M(T) caused by the thermal magnons is propor-
tional to (7/J)3, the same temperature dependence is found
in other thermodynamic quantities such as specific heat and
entropy.*® The dashed line in Fig. 8(b) represents a fit which
considers the spin wave contributions using Q_(0)=12
GHz or M(0)=4.282 kG, respectively. Below 7=10 K the
data are well fitted by the model. Near the AFM phase tran-
sition higher terms in the magnon-dispersion relation have to
be considered and fluctuation effects may influence the data,
additionally. In the (TMTSF), salts the effects of thermal
magnons can be neglected since the weakening of the sub-
lattice magnetization is proportional to /> and the exchange
constant is nearly three times larger than in (TMTTF),Br.
Thus, it is not surprising that we found no contributions of
spin waves in the experiments on (TMTSF),PF, and
(TMTSF),AsF.

Our new results on (TMTSF),PF, agree very well with
other experiments probing the internal field such as NMR
(Ref. 18) and uSR,’ but also acoustic investigations'® and
measurements of the energy gap by optical® and transport
methods.” In this regard, it would be of interest to study the
magnetic structure and the order parameter of field induced
spin-density waves as found in (TMTSF),PFs and
(TMTSF),Cl0O,. These investigations, however, can only be
carried out by neutron scattering methods, experiments
which have not been done yet.

IV. CONCLUSION

The results determined by our paramagnetic and antifer-
romagnetic  resonance  studies on (TMTSF),PFg,
(TMTSF),AsF4, and (TMTTF),Br presented in this work
are listed in Table I together with results from other groups.
In all compounds, the zero-field mode () _ at 7=0 K, the
spin-flop field H;, and the anisotropy energy E are nearly
the same while ), and therefore the anisotropy energy D
are much higher in (TMTSF),X than in (TMTTF),X. In the
(TMTTF) salts, just as in the (TMTSF) compounds, the ratio
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(Q./Q_)>=(D+E)/(2E)~2.8 is independent from the
anion X. Consequently, the anisotropy of the antiferromag-
netic ground state is determined by the weight of the spin-
orbit coupling in relation to the dipole-dipole interaction, i.e.
by the spin-orbit coupling constant of the chalcogen atoms.
The influence of the coupling of the spin-density wave to the
lattice is discussed in several recent publications.®!” If the
ground state of (TMTSF),PF¢ is a mixture between a SDW
and a CDW as suggested by x-ray investigations®” the SDW
can be collectively depinned by applying an electric field
which exceeds the threshold field of the nonlinear
conductivity.>’* We expect that the AFMR disappear and
the original paramagnetic-resonance signal reappears. These
experiments are in progress.

We found distinct differences in temperature dependence
of the order parameter of the selenium and the sulfur salts. In
the former the findings of NMR and uSR investigations on
(TMTSF),PFg which reveal a tendency towards first-order
phase transitions are confirmed by this work. The same be-
havior is observed when the anion PFq is replaced by AsF.
We showed that the sublattice magnetization of
(TMTTF),Br has a much stronger temperature dependence
at low temperatures. This can be explained by the excitation
of thermal magnons which reduce the magnetization ex-
pected from mean-field theory.

In the paramagnetic state the temperature dependence of
the spin susceptibility can be described within the framework
of the Hubbard model in the limit of strong Coulomb
repulsion. The ESR linewidth AH is dominated by spin-
phonon interaction. In the vicinity of the phase transitions we
find evidence of antiferromagnetic fluctuations in
(TMTTF),Br, (TMTSF),PF4, and (TMTSF),AsFs which
follow the critical behavior AHx[(T— Ty)/Tx] ™' expected
for three-dimensional ordering.
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