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High-temperature spin dynamics in the quasi-two-dimensional Heisenberg system
ethylammonium-manganesechloride have been investigated by EPR with very high sensitivity.
Two different experimental methods are presented which can be used to analyze the resonances of
the respective memory spectrum occurring at the Larmor frequency wg and at 2wy. Around w

the memory spectrum is obtained from the absorption and dispersion part of the transversal sus-
ceptibility. The resonance behavior at 2w, can be obtained directly from a satellite structure at
half EPR field which has been observed in the transversal and in the longitudinal susceptibility.
For both resonances a logarithmic shape is determined which—as theory predicts—is due to spin
diffusion. There is some experimental evidence for a decoupling of the 4-spin correlation function
for long times. The spin-diffusion constant is evaluated to be D/a?=13 +2 K.

I. INTRODUCTION

During the last few years high-temperature spin
dynamics of one-dimensional (1D) or two-
dimensional (2D) Heisenberg magnets have been
widely investigated, theoretically as well as experimen-
tally. The influence of dimensionality occurs most
pronounced in those physical properties which are
connected to ¢ =0 modes; magnetic resonance, there-
fore, has proven to be a powerful tool in its investiga-
tion. In the limit ¢ =0 dynamics are governed by
long-wave fluctuations whose long-time behavior is
subject to a diffusion law. With EPR, for instance,
these diffusive modes have been shown to lead to
considerable deviations from the Lorentzian shape,
well known from the exchange-narrowed lines of nor-
mal three-dimensional systems, and to a characteristic
linewidth anisotropy due to secular contributions of
the dipolar interaction.'™ In spite of quite a number
of experimental results, these effects were discussed
for years in a more qualitative way, and quantitative
proofs of spin diffusion have only been reported very
recently on the 1D system TMMC [(CH3),NMnCl;].
Analyzing the EPR linewidth and dynamical shift at
the magic angle Lagendijk et al.® found for both a fre-
quency dependence of w~'/2 which is characteristic for
1D spin diffusion. The same frequency dependence
was obtained by Boucher et al.® by NMR from T,
measurements for the spectral density of the electron-
ic two-spin correlation function. For 2D systems such
an experimental proof of spin diffusion has not been
furnished yet.

The question is how, in principle, to establish such
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a proof by the investigation of transversal susceptibili-
ty. If there are any long-time contributions to the
underlying memory function y'(¢) they will cause a
frequency dependence in its spectral density y " (w).
As is long known from theory, a resonance peak of
y*(w) occurs not only at the Larmor frequency w
but—depending on orientation—additional sidebands
are expected at —wg, 0, and 2w,. The latter one has
been observed in 1D systems just recently.” This is il-
lustrated by Fig. 1(b). The shape of these resonance
peaks depends in characteristic manner on the long-
time behavior of the memory function. That means,
if spin diffusion takes place we shall find a resonance
behavior approximately like [ — (m +1) wol 772 for
the 1D case and like —In[w — (m +1) wyl for the 2D
case, m being integer from —2 to +1. For example,
when looking at the magic-angle EPR linewidth of a
1D system the "secular" resonance (m =0) is removed
by orientation and one samples the contributions from
the wings of all "nonsecular" (m = 0) sidebands at the
frequency w = w, which behave like ™', For a 2D
system, however, this technique is not expected to be
effective as the linewidth is mainly due to short-time
decay of the memory function, and linewidth contri-
butions from spin diffusion are of less importance.

In this work another method shall be tried. The reso-
nance behavior of the secular and of the m =1 non-
secular peak shall be analyzed at their own resonance
frequency. For the secular peak it can be done by a
very sensitive line-shape analysis of the normal EPR
line covering both absorption and dispersion, and for
the m =1 nonsecular peak the desired frequency
dependence is directly derived from a new type of
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FIG. 1. (a) Typical curve of the memory function in a
2D system (secular contribution only). 7.= #/J, where J is
the exchange integral. I' is given by the EPR linewidth.

(b) Resonance peaks in the memory spectrum (schematical-
ly); solid line: only secular contribution (§=0°, 6 is the angle
between ¢ axis and magnetic field); dashed line: only non-
secular contributions (# =54°).

satellite line at half resonance field, for the first time
observed just recently.’

In Sec. II the theory of EPR on low-dimensional
systems shall be presented as far as necessary for the
interpretation of our experimental results. Based
upon that a simple expression is derived which ac-
counts for the observed qualities of the half-field sa-
tellite in a rather satisfactory way. For a more com-
plete survey the reader has to refer to the litera-
ture.* =% Experimental details are given in Sec. III
which is followed by a discussion of the results.

II. THEORY

The Hamiltonian of the system to be discussed shall
consist of a Zeeman term H, a dipolar interaction
Hp, and a dominating Heisenberg exchange coupling
H,

H=H2+HD+HCX . (1)

The ¢ =0 transversal dynamic susceptibility X, we are
interested in can be described by the spectral density
of the memory function—which shall be called in
short the memory spectrum y*(w, H) —according to

lw )

Xi(w,H) =X |1 = : ,
ne 0 i(w—wy) +y*(w,H)

where o stands for the microwave frequency,
wy=gugk 'H for the Larmor frequency, X for the
static transversal susceptibility, and y*(w,H) for the
half-side Fourier transform of the memory function
which under the Hamiltonian (1) turns out to be a
correlation function of fluctuations in dipolar field.
The EPR signal is normally related to the imaginary
part of X, (w,H) via

Rely*(w,H)]

X" (0, H) « (0 —wp)? + {Rely (o, H)1}?

N €))

where, for simplification, the imaginary part of
v*(w,H) has been neglected, as a discussion of the
dynamical shift is not intended. In the following
Rely*(w,H)] shall be denoted by y*(w,H).

Trying to explain EPR spectra requires knowledge
of the frequency and field dependence of y* which
can, at least in approximation, be derived from a mi-
croscopic theory. Taking into consideration secular as
well as nonsecular contributions from the dipolar in-
teraction, the memory function is given by .

2 1
r wp
+ f,H _— Y F/" 22[« t 2113([ ,
v (LH) kﬂwx;§m§J’| 10X

a+B=m+1 . 4

Here, the indices « and B refer to spherical coordi-
nates and can have the values 0 and +1.
wp=g’upa? is the dipolar coupling constant for a
lattice with the nearest-neighbor distance a, kp the
Boltzmann constant, and T the temperature. The F}
are geometrical coefficients resulting from a summa-
tion of dipolar contributions over all sites of a square
lattice. For small ¢ values they depend on angle 86—
which indicates the difference between the c axis and
direction of magnetic field—as follows?

|F§1? < (3cos?o—1)% , (5a)
| F¢t' |2 o sin?f cos?e (5b)
|Fi2 |2 ccsin®e . (5¢)

The 3¢(¢), finally, denote two-spin correlation func-
tions which can be described for a 2D system in good
approximation by
2, _pa

2‘;'([) — kBTX:;e—Dq =1 l+mu)01 i (6)
where X, represents the static wave-vector dependent
susceptibility. For sufficiently large ¢ the decay of
5(¢) is dominated by term Dg?, that means damping
is due to isotropic exchange interaction and the modes
behave diffusively. In the limit ¢ =0, however, aniso-
tropic dipolar interaction provides for the nonvanish-
ing of damping by a g-independent contribution I'“.
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As the two-spin correlation function is connected with
the dynamical susceptibility by Fourier transformation,
I'* has—by definition—to be identified with
v*(w=wp) and is directly given by the EPR linewidth.
Thus, Eq. (4) may be regarded as a self consistent
equation for the two-spin damping constant in the lim-
it ¢ =0 for a given diffusion constant D. It is impor-
tant to mention that Eq. (4) has been deduced within
the bounds of the independent-mode approximation,
that means a decoupling of four-spin correlation func-
tions originally occurring in the expression of y*(t,H)
according to the scheme

(SF)SE,()S;7«SE
= [Sa(l's/jﬁ'(q +q') + Suu'slxa's((l —q)]
XASLOSZ (SLWSZEY @)

where & stands for both the Kronecker symbol and the
Dirac 8 function, and the brackets denote the high-
temperature statistical average. Although this pro-
cedure is customary when dealing with higher
correlation functions, it.cannot be justified rigorously,
and some doubts have arisen already whether it could
be responsible for discrepancies between calculated
and measured linewidths in other systems.

Reiter and Boucher® have solved Eq. (4) for the
special orientation H IIT where all but the m =0 term
disappear. Their result shall be used in Sec. IV to
analyze the field dependence of y*(w,H) and to
evaluate the diffusion constant. As illustrated by Fig.’
1(b), they obtain for y*(w,H) a weak logarithmic
resonance at wg which coincides with the much
stronger resonance behavior of the denominater of
X:(w,H) in Eq. (3) and will cause only slight devia-
tion from a Lorentzian in the EPR line shape.

If the magnetic field is no longer supposed to be
parallel to the c axis, that means perpendicular to the
layers, additional nonsecular contributions have to be
taken into account. In that case, however, a self-
consistent treatment would be far more complicated.
If there is no intention to investigate the influence of
nonsecular contributions on the main line in detail but
only to discuss the properties of half-field satellites in
a 2D system, a simpler method which we have
developed can be used as follows. If confining to the
m =1 term, responsible for the resonance at 2w, Eq.
(4) can be evaluated by introducing I'* =T"*(9)
phenomenologically. This works because I'* is the
only damping constant in the expression for
ym-1(t, H) and is directly obtained from the width of
the main line. Substitution of Eq. (6) in (4) and
Fourier transformation yield

Viiei(0.H) =25 (S + DwB| 5! 0)%a?D ™!

87w Da?

b+ 2IH(0) +i{w —2wp) ]] - ®

X Relln

where the g dependence of the geometrical coefficient
has been neglected, the ¢ summation has been re-
placed by an integration over a circular Brillouin zone,
and the X, have been taken in the high-temperature
limit. The validity of such simplifications has already
been discussed in detail.* "% It is convenient to intro-
duce the dimensionless parameter

_ 35(S + D wha?

-V TP F(m==0 9=0)|? R 9
= S2mpr(a=0) [0 =0 ©

which also appears in the result of Reiter and Bouch-
er. By slight simplification of the logarithmic expres-
sion for the condition I'* << 87 Da~2, which will turn

out to be valid, one obtains
w—2wg '
2I*(6) '

(10)

It can be shown that the constant is in the order of
€', and T denotes I''(#=0). The m =1 terms, also
present in the memory spectrum, may be considered
as being field or frequency independent in the respec-
tive region. Thus, at w =2wy the memory spectrum
consists of a constant part 4 () describing the
Lorentzian wings of the main line and of a frequency
dependent part showing resonance behavior which will
lead to an additional satellite in the EPR spectrum at
half-resonance field

vi_1(w,H) =Tesin’0 cos’

1+

X [const —In

X+ (w=2wy) = {A (0) — -F;—sinzo cos’d

w— 2w,

1+
2T*(0)

X In

2
]](w ) "2,. (1

It should be emphasized that—contrary to the main
line—this satellite is scarcely influenced by the fre-
quency dependence of the denominator of Eq. (3) but
represents directly the m =1 resonance of the memory
spectrum. The resonance should be observable when-
ever the long-time behavior of the memory function
contributes noticeably to the linewidth or influences
the shape of the main line.

Therefore, according to Eq. (11) the satellite is ex-
pected to show the following characteristic properties:
(a) a strong intensity dependence on orientation, pro-
portional to sin6 cos?d, (b) a line shape described by
the logarithmic expression of Eq. (11) which differs
significantly from the common Lorentzian, and (¢) a
linewidth T'*(#) which coincides with the width of the
main line. The second and especially the third pro-
perty have been derived as a direct consequence of the
decoupling procedure mentioned above. The experi-
mental confirmation, therefore, would be of consider-
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able theoretical interest.

The proof can be obtained not only from the
transversal but also from the longitudinal susceptibility
where the half-field satellite is expected to occur, too.
The calculation turns out to be rather similar to the
one above and shall not be mentioned here in detail.
The result for the half-field resonance differs from Eq.
(11) only by a factor of w ? instead of (w — w) 2, and
by the angular intensity dependence which behaves
like sin*g instead of sin’f cos’d. Linewidth and line
shape, however, are expected to be exactly the same
as in the transversal case and should, therefore, be
part of the following investigation.

III. EXPERIMENTAL

Ethylammonium-manganesechloride [(C,HsNH3),
MnCl,] is well known as a quasi-2D layer structure.’ It
consists of nearly quadratic layers of manganese ions
with strong isotropic antiferromagnetic exchange in-
teraction within the plane but—due to separation by
organic ethyl and by ammonium groups—with an ex-
tremely small interaction between neighboring planes
which has been estimated to be less than 107° of the
in-plane interaction.'® Three-dimensional antifer-
romagnetic order occurs below 43 K, it can, therefore,
be assumed that the system shows high-temperature
behavior already at room temperature.

Single crystals were grown from aqueous solution as
already reported.'' The EPR experiments were per-
formed at room temperature with commercial Varian
spectrometers of type E9 in X band and of type V
4502 in Q band. The aim was to study absorption and
dispersion far out in the wings of the main line in ord-
er to get information on the memory specirum which
requires a very good signal-to-noise ratio. The EPR
spectra, however, should not be affected by cavity
overloading, and base-line drifts had to be carefully
avoided. This was achieved by combining the normal
lock-in technique with signal averaging in a 1024 -
channel analyzer (Fabri-Tek 1072). Scans of the ab-
sorption and of the dispersion derivative were sampled
alternately in order to minimize errors in amplitude by
these "quasisimultaneous" measurements of both spec-
tra. The data were transferred to a computer where
X'(H) and X"(H) were obtained by integration in con-
nection with a very sensitive base-line fit and evaluat-
ed as discussed below. Details of this procedure shall
be published elsewhere. Half-field satellites of
(C,HsNH;),MnCl, have been observed in X and Q
band in the longitudinal as well as in the transversal
susceptibility. The samples used in these experiments
were much larger than in the experiment above, for
the maximum satellite line intensity turned out to be
less than 107> of the main-line intensity. With a sam-
ple size of 6 X6 x 1.5mm?’ in X band and 2 x2 x 1

mm?® in Q band, the signal-to-noise ratio was sufficient -

to allow a line-shape analysis. The X band measure-

tive satellite intensity should decrease like w™

ments of transversal absorption were performed in a
Varian E 231 rectangular cavity. As the main-line
wings were already larger in intensity at half-resonance
field than the satellite, they had to be subtracted very
carefully in order to get the correct satellite linewidth
and shape. For measurement of the longitudinal ab-
sorption the samples were put on the bottom of a
home-built rectangular cavity. The magnetic field was
precisely oriented parallel to the microwave field at
sampie position by minimizing the main-line intensity
at normai resonance field. The requirement of rotat-
ing the sample with respect to the magnetic field will
diminish the homogeneity of the microwave field if
larger samples are used because the platelets have to
be moved edgewise. Therefore, a small piece, size

6 x1.5x 1.5 mm?, was cut off a platelet and fixed to
the bottom of the cavity with the c¢ axis parallel to it.
Rotating the bottom, the angle 8 could be varied
without affecting the microwave field too much. Due
to smaller sample size, the signal-to-noise ratio of the
longitudinal spectra was worse by one magnitude, ex-
cept for the orientation § =90° where a larger platelet
could be put flat on the bottom. Analyzing the half-
field satellite in the longitudinal configuration has the
advantage that the main line theoretically should not
exist which means, in practice, that its intensity is
strongly reduced. Q-band measurements on the satel-
lites were accomplished only for the transversal case
with a home-built cylindric cavity. Though the rela-
2 its
structure appeared even more pronounced due to
larger separation from the main-line resonance which,
at half-resonance field, causes its wings in the deriva-

tive spectrum to be reduced like ™.

IV. DISCUSSION OF THE RESULTS

At first, we want to deal with the resonance
behavior of the memory spectrum at w = wy which is
due to the long-time behavior of the secular contribu-
tion of the dipolar interaction. From Eq. (2) the rela-
tion

X" (w,H)

Yot = S DT+ e DT

(12)

is derived which is appropriate for evaluation of the
experimental data. X'(w,H) stands only for the
dynamical part of dispersion without the w =0 contri-
bution. Figure 2 represents the field dependence of
v*w,H) for #=0 as obtained from the integrated Q-
band absorption and dispersion spectra. Although the
experimental error—mainly connected with the uncer-
tainty of the base-line fit—is rather large in the outer
parts of the wings, the shape of the spectrum looks
typical for a layered paramagnet: there is a large con-
stant amount corresponding to a rapid short time de-
cay of y* (1) and responsible for the almost Lorentzian
character of the EPR main line, and a small peak on
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FIG. 2. Secular part of the memory spectrum, experi-
mentally obtained from the absorption and dispersion
lineshape at # =0. The insert shows the resonance peak en-
larged by a factor of 4, illustrating the connection between I’

and e. 8H , refers to the main linewidth at §=0.

its center that refers to spin diffusion. In Fig. 3 a
shape analysis of this peak is shown. For the orienta-
tion H IIT, chosen in experiment, all but the secular
part of the memory spectrum vanish, so that the
result of Reiter and Boucher?

H-H,)

13
Chgus 13

y'(0,H) =T = 3Teln|l +

can be used for interpretation. For the special plot, as
chosen in Fig. 3, a straight line is expected from Eq.
(13). Even though such a representation is not overly
sensitive, the experimental data are in quite good
agreement with the theoretically predicted logarithmic
resonance behavior, and provide a first quantitative
proof for spin diffusion.

In the following, it will be shown how the investiga-
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FIG. 3. Shape analysis of the w resonance peak. I has
been directly determined as the half maximum width of the
(integrated) absorption line at # =0.
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tion of half-field satellites supplements this informa-
tion. The most striking feature of this new type of
resonance is the strong angular dependence of its in-
tensity which has its maximum at § =90° in the longi-
tudinal case, and at # =50° in the transversal onte, as
is roughly expected from the angular dependence of
the geometrical coefficients. In experiment, however,
the derivative of X" with respect to the field is record-
ed, therefore the intensities given by Eq. (5b) have to
be weighted with the reciprocal linewidth (84 ,,) '
when directly compared to the maximum intensity
I...x of the derivative, which is done in Fig. 4 for the
transversal X-band spectra. Due to linewidth anisotro-
py, the theoretical curve of /'(#) no longer takes a
sin’f cos?f course but becomes asymmetric and fits the
experimental results rather well.

A very important point of this study is to find out
whether the satellite lineshape can also be described
by a logarithmic resonance, fof this would be a direct
experimental proof of spin diffusion in a layered sys-
tem which is even more sensitive than the representa-
tion in Fig. 3. Equation (11) yields the absorption
derivative with respect to the field as

X (H =~ Hy/2)

dH
H—H,y/2
"=t + aam —myr 1%
for the transversal and
d H—Hy/2
—Xo ' (H = H,y/2 s 14b
2 0 ( O/)G(H—Ho/2)2+(l‘*)2 (14b)

for the longitudinal case.

Plotting (H — Hy/2)I'(H) vs (H — H,/2)?, where
I'(H) denotes only the satellite intensity, a straight line
is expected according to theory. In both, the longitu-

I'vax  larbounits)

20
15 uW
10
5
oo 7 30 7 e | 9 e

FIG. 4. Angular dependence of the-satellite peak-to-peak
height of transversal absorption in X band. The solid line in-
dicates the theoretical curve where the data of Fig. 6 have
been used for 8H ,,(6).
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dinal and the transversal case, excellent agreement ex-
ists with the experimental data of Fig. 5. Due to fac-
tor (H — H,) 72, a correction of /'(H) had to be ap-
plied in the latter case. It amounts up to 20% for the
field region in question. For comparison, in the same
diagram the shape of the main, line has been plotted at
0 =50° which looks exactly Lorentzian. Thus, not
only the existence of half-field satellites supports
present ideas on the dynamics of low dimensional sys-
tems but, moreover, the satellite line shape yields a
direct quantitative proof of spin diffusion in 2D sys-
tems.

With the help of Egs. (11) and (13) we are now able
to evaluate the spin-diffusion constant in different
ways. The m =0 resonance of the memory spectrum
yields parameter € directly as the slope of the straight
line in Fig. 3 which results in

€=0.09 £0.01

Taking I' from experiment where the EPR linewidth
has been assumed to be entirely due to dipolar in-
teraction, evaluating wp from the lattice parameter
a'=+2a=17.28 A (Ref. 12), and calculating

2% (8 =0) by summation of all dipolar contributions
from a square lattice, the diffusion constant can be
evaluated via Eq. (9) to be

D/a’=15+3K

To test this experimental result, Eq. (27) of Ref. 8 can
be used. There, within the self-consistent treatment,
a relation for € has been deduced which requires only
the knowledge of T, wp, and F/5° (=0). Thus, with
the above used values the equation can be solved by
iteration which yields € =0.096. From the accordance
of both results a line-shape analysis seems to be ap-
propriate for the evaluation of the diffusion constant,
the expenses, however, are rather large.

(H-Ho/2) I' max
BHppI'(H)

61 Lorentzian

logarithmic

1 2 3 4 (Hg Hn/2)2
Hpp
FIG. 5. Shape analysis of the satellite line. A, X-band,
transversal, § =50°; B, X-band, longitudinal, #=90°, e Q-
band, transversal, # =50°. For comparison, the main line
shape has also been plotted (o) for the last case.

An alternative method, dealing with the m =1 reso-
nance, is the comparison of satellite and main line in-
tensity. From Eq.-(11) the maximum intensity of the
satellite derivative spectrum is expressed by

1'% (0) =2X,sin’0cos?0Te/T* (0w . (15)
The main line can be well approximated by a Lorentzi-
an for every orientation which leads to

33

' () =
' (6) ==

Xow[[*(0)] 7% . (16)
Thus, parameter €is obtainable from the intensity ra-
tio of satellite and main line derivative according to

= 3V31'3% (6) w?
161'm2in(9) I'T'*(6) sin%6 cos?0

, an

which provides a rather easy way to determine the
diffusion constant directly from the EPR spectrum.

For §=50° experiment yields an intensity ratio of
(5.0 +.1) x107%. Applying the value of Fig. 6 to
I'*(9) results in €e=0.104 +0.012 which determines
the diffusion constant value as

D=13+2K .

Provided that apparative effects, like cavity overload-
ing, have been carefully avoided, the second method
iooks not only simpler but even more sensitive. For
(C,HsNH;),MnCl, the exchange integral J is not ex-
actly known yet. From comparison with the iso-
morphic methyl compound it can be estimated to be

5 K.’ Thus, the experimentally obtained diffusion con-
stant turns out to be about 0.9J[S(S +1)1'2 which is
in very good agreement with the theoretical result of
Morita,!¥ to our knowledge the only one given so far
for a square lattice and S = -;-

[0e)

w

t
30 *

t
20 b
) M#HHH

#

1

R 60 90 0
FIG. 6. Angular dependence of I't in X band in field units.
The open circles have been derived from the main line
via F+=\/§8pr/2, the full marks from the satellite via
[*=38H,,/2 (e transversal, A longitudinal).
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Finally, the question shall be discussed whether
these experiments can serve to confirm the decoupling
procedure mentioned above. As a consequence of the
foregoing line-shape analysis it is easily shown that the
characteristic width T*(8) of the satellite is given in
field units by exactly half the peak-to-peak linewidth
of its derivative. As a direct result of decoupling, this
width I'*(#) should coincide with the damping con-
stant of the respective two-spin correlation function in

\

the limit ¢ =0 to be obtained from the EPR main-line ,

half-width. This way, two independent measurements
of I'*(#) are available. In Fig. 6 the main line
half-width is compared to both, the transversal and the
longitudinal satellite width. There is not only a com-
plete qualitative agreement but—within the limits of
experimental error—also a quantitative one. Thus,
from an experimental point of view, it can be said that
in a 2D system the decoupling procedure seems to be
correct, at least for the long-time behavior of the
memory function.

V. SUMMARY AND CONCLUSIONS

Two different experimental methods have been
presented as how to analyze by EPR the influence of
spin diffusion on high-temperature dynamics in a 2D
system. The first one referred to the secular contribu-
tion of dipolar interaction to the memory spectrum.
From the absorption and dispersion lineshape a dis-
tinct resonance peak in the memory spectrum could

be obtained at w = w,. The second method made use
of a new type of half-field resonance which is due to
the m =1 nonsecular contribution and was shown to
exhibit directly the properties of the memory spectrum
at w =2w,. The theoretically predicted logarithmic
shape has been proven by experiment for both peaks,
which may be taken as a first quantitative
confirmation of spin diffusion in a 2D system. A
comparison of the width of satellite and main line
seems to support simple decoupling of the four-spin
correlation function, at least for those times when its
decay is subject to spin diffusion. In this connection,
it would be very interesting to compare the quantita-
tive result of the spin diffusion constant, derived from

‘the memory spectrum, with the value directly ob-

tained from the diffusion behavior of the two-spin
correlation function as, for instance, can be measured
by NMR. However, such data are not available yet.
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