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Spin dynamics of the one-dimensional magnet NMnF 5
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The spin dynamics of the one-dimensiorfdD) magnet NaMnF5 have been investigated by inelastic
neutron scattering. Measurements of the spin-wave dispersion resulted in values of the exchange constant
J/kg=—8.5(1) K and the anisotropy constdbtkg=—2.70(2) K, respectively. The temperature dependence
of the magnetic correlation length showed significant deviations from the Heisenberg/ Fischer behavior at low
temperatures. The observed exponential increase of the inverse correlation length upon temperature is a typical
feature of strongly anisotropic systems. Soliton excitations have been measured directly by high-resolution
neutron spectroscopy. From these measurements, a soliton activation endfgikgf 65(5) K has been
determined. The results are discussed with respect to other 1D magnetic systems among the fluoromanganates.
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I. INTRODUCTION the accessible range of the bridge angle®8< 18 from

almost ferromagnetic to purely antiferromagnetic.
One-dimensional1D) magnetic systems have attracted Previously, the spin dynamics a%,/A"'MnFs(H,O)(A
considerable interest in solid state physics. Based on topo=Li*, Na", NH; , ND; , K*, SP*, B&" and enH3",

logical reasons, short range order effects of interacting spingn= ethylene diamine) was studied on 2%-e doped com-
and nonlinear excitations are essential in describing the Spiﬁounds by means of Mibauer spectroscoﬁy? The Mdss-
dynamics of these compounds. The physical realization of §ayer spectra could be successfully fitted for all compounds
1D magnet are compounds in which the magnetic ions argy adopting the Blume-Tjon mod&f® in which it is as-
arranged along chains. Consequently, the exchange interagimeq that the hyperfine field jumps stochastically with a

tion J along the cha}ins is mgch stronger than the exchangﬁipping rate T'(T) between two possible statesH,; and
constant)” perpendicular t_o It. The rat'd /J can be taken —H ;. Thus the hyperfine interaction is replaced by a fluc-
as a measure of the onedimensionality of a system. The ex-

. L : o . tuating effective field, and the increase in the fluctuation rate
istence of a nonvanishing interchain couplilfgnecessarily : . :
. . : causes line broadening, asymmetric spectra and related phe-
leads to a three-dimensional long-range magnetically ordere . .
jomena. The spin fluctuation rate changes fronf 1

state at sufficiently low temperatures. In any case, the typical : .
features of 1D magnetic behavior can be observed over 9;101 Hz in the temperature regiofly<T<JS(S+1)/ks.

large temperature range above the ordering temperature. WS points toward a dominating influence of nonlinear spin
recent review on the elementary excitations in prototypicafXcitations due to the thermal activation of magnetic soli-
examples of antiferromagnetic chain compounds can b&nNs. Therefore, the relaxation spectra were calculated and
found in Asanoet all and references therein. interpreted on the basis of classical soliton theory Tar

The fluoromanganates are antiferromagnetic chain com=T<3Ty.™" For NaMnFs, the spin fluctuation rate
pounds which may serve as model systems for 1D magnet#)[I'(T)] versus the inverse temperaturd Xésults in a ther-
In this class of compounds, the basic structural unit of yInF mal activation energy oE,=132(5) K. From a knowledge
octahedra are trans-corner-linked to form magnetic chainsef the spin correlation functions as derived by #8bauer
which are separated by the cations. The magnetic specigglaxation spectra, the single crystal susceptibility measure-
Mn3* is in its high-spin configuration wit=2. Depending ments of NaMnFs could be perfectly described by an an-
on the cation, the metal-metal distance and the Mn-F-Mrisotropy constanD/kg=2.75(4) K, an exchange coupling
bridge angle8 can be modified in a controlled way, whereas constantJ/kg=—8.8(2) K, and a Nel temperature off
the local geometry of the MnFoctahedra remains un- =9.2(2) K! A central issue, relevant to all compounds in-
changed. According to the Kanamori-Goodenough rules, theestigated, represents the question whether the magnetic
fluoromanganates offer the unique possibility of changingluctuation rate, as observed by S&bauer spectroscopy, is
the exchange interaction of the 1D magnetic chains withirindeed due to magnetic solitons.
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Therefore recently, the magnetic properties of the homo- Na,MnF,
logue compound (NB ,MnFz have been investigated inde- 1000 T
pendently in detail by neutron scattering experiméhfshe ]
deuterated sample has been chosen in order to avoid stron @=(1.2,1.0)

p g 500 -

incoherent background scattering from hydrogen. From a
crystallographic point of view, both deuterated and proto-
nated compounds are equivalent. From the spin wave disper- 608
sion, the exchange and anisotropy constants of J)MdnF;
have been determined adkg=—10.3(1) K andD/kg= 9 300
—2.78(2) K, in excellent agreement with the results of 3
single crystal susceptibility measuremett$? The measure- d 0
ments of the nonlinear spin excitations resulted in a single ‘g 200
soliton activation energy oEg/kg=81(3) K which is half 3
of the value of the thermal activation energy as obtained 100
from Mossbauer spectroscofs.

Here we report on a systematic study on the spin dynam- 0 y i y t
ics of NaMnFs by means of inelastic neutron scattering. 200 _ ]

. Q=(2.0, 1, 0) |

Compared to the ammonium compound,,MaF; has a
smaller Mn-F-Mn bridge angle due to the smaller ionic ra- 100 1
dius of the sodium ions which results in a weaker antiferro- 0 _ _ _
magnetic exchange interaction. 0 4 8 12

Energy transfer [meV]

IIl. EXPERIMENTAL DETAILS AND RESULTS FIG. 1. Spin wave excitations of N&InFs along the magnetic
Sample preparation and characterization chain direction aff =1.7 K. The varying excitation energi¢seak

. . positiong for differentQ values nicely illustrate the spin wave dis-
Large single crystals of N&nF5 were synthesized by the persion.

evaporation method of a saturated solution of,MaFs in

hydrofluoric acid. Single crystal x-ray diffraction measure—Mn(”l) chain compounds it has been shdiihat |D|
ments revealed a monoclinic structure characterized by spa<§|E| and|J|=|D|, and no field has been applied.

group P2, /c.™* The magnetic chain direction is along the = 't measure the spin wave excitations and the magnetic
crystqllographicg—axis. For the inglastig neutron scattering ¢, rejation length of NaMnFs, inelastic neutron scattering
experiments, single crystals with dimensions oXB o heriments have been performed on the thermal three-axis
> 20 mn? and a corresponding mass of 1.3 g were usedspectrometer IN22 at the Institute Laue Langevin, Grenoble.
Neutron diffraction confirmed the monoclinic structure of o iandard configuration of the instrument has been chosen
Na,MnFs, and revealed the perfect homogeneity and excelyit vertically focused pyrolythic graphite monochromator
lent quality of the samples. The crystallographic parametersg qoubly focused analyzer in constant final wave vector
of N&,MnF; are space groufP2,/c, lattice constant®d  o4e withk,=2.662 A L. The sample was mounted in a
=7.719(1) A,b=5.236(1) A,c=10.862(2) A, and mono- cryostat allowing for temperatures £3 <300 K with the

clinic angle 8=109.0(1}. reciprocal lattice vectors* andb* lying in the horizontal
scattering plane. The neutron spectra alahgevealed well
Spin wave excitations defined spin wave excitations which could be fitted by a

single Lorentzian line convoluted with the instrumental reso-
lution, as shown in Fig. 1. The different width of the excita-
‘tions are caused by resolution effects. The corresponding
magnon dispersion has been established by measuring the
spin wave excitations throughout two Brillouin zonesTat
=1.7 K. The resulting dispersion curve is displayed in Fig.
2. Within the classical spin wave approximation, the data
were analyzed according to a 1D antiferromagnetic chain

A suitable Hamiltonian for the description of trans corner
linked MnF; octahedra forming quasi onedimensional mag
netic chains is given by

s —Ea<3+1>
\Z 3

A=Y —2JSS.,+D
1

+E(S,— ) —gusHS (1) (full line in Fig. 2):
The chain direction is along thedirection. The first term hw=[4S°D*+1657J||D|+16(SJ)?sir’(mqp) Y2 (2)
represents an isotropic Heisenberg exchange interaction be-
tween two neighboring spins with exchange constaiat], The fit results in an exchange constani/kg

D and E are the axial and rhombohedral anisotropy con-=—38.5(1) K, an anisotropy constait/kg=—2.70(2) K,

stants, respectively, and the last term is the Zeeman interaend a corresponding spin wave excitation energy gap of
tion in the presence of an external magnetic field. In theA,4n0i=39.8(2) K. These values are in excellent agree-
present case we consider only the first two terms, since foment with the results of single crystal susceptibility measure-
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FIG. 2. Spin wave dispersion relation of NanFs at T FIG. 3. Temperature dependence of the inverse correlation
=1.7 K. The full line corresponds to a fit according to an antifer-|gngth of NgMnFs. The full line corresponds to a fit according to
romagnetic chain as described in the text. classical soliton theory, whereas the dashed line represents a clas-

sical Heisenberg / Fischer behavior. TheeN®emperature and the
ments and MBbauer spectroscopy of the iron-dopedteémperature of the susceptibility maximum are indicated as well to
compoun&l (also see Table)l The spin wave measurements illustrate the temperature region of the 1D magnetic behavior of
perpendicular to the chain direction did not reveal any sig—Na?MnFS'

nificant dispersion, thus yielding to an upper limit of the .
interchain exchange constantBfkg=<0.02 K, thereby con-

] ] _ firming the good one-dimensionality of the compound.
TABLE I. Magnetic properties of NaMnF; as determined by

magnetic susceptibility measureméﬁt@(), neutron scatteringN. ) )

S), and Massbauer spectroscogiRef. 11 (M. S.). Listed are the Magnetic correlation length

anisotropy constarid, the magnetic intrachain constahtthe mag- By removing the analyzer crystal from the three-axis
netic inter-chain constani’, the magnetic ordering temperature spectrometer, one can measure in an energy integrative
T, the magnon energy galnagnon: the single soliton enerds,  mode, i.e., all neutrons are detected for a given scattering
and the thermal activation energ . angle irrespective of their energy. A scattering geometry with
k; parallel toa* has been chosen, and corresponding scans

b
Parameter X N.S. M.S. have been performed in such a way as to cross the one-
dimensional magnetic ridge and to integrate over the inelas-
D/kg (K) —2.85(4) ~2.70(2) —2.75(10) tic signal. Erom the vyidth of the energy integrated scattering
cross section in reciprocal space we have determined the
kg (K) ~8.8(2) —8.5(1) temperature dependenge of the magnetic correlation length
of Na,MnFs, as shown in Fig. 3. At low temperatures, the
, 3 2 inverse correlation length exhibits significant deviations
Ik (K) 1410 =210 from the Heisenberg/Fischer behavidashed line in Fig. 3
The exponential increase upon temperature is a typical fea-
C Cc
Ty (K) 9.23) 11.53) ture for strongly anisotropic systems. The temperature de-
pendence of the inverse correlation length can be well de-
Amagnor/Ks (K) 39.42) scribed by classical soliton theorfgolid line in Fig. 3,
g . according to which the inverse correlation lengtht and the
Es/kg (K) 60(4)/65(5) 66(3) thermal soliton activation enerdy, are related by
Ealkg (K) 13009)¢ 132(5) ) 8 D [E, —E .
& =2\/—\/=\/=€x . 3
% rom Ref. 6. 7w VJ VKT kT
PFrom Ref. 6. Compounds were doped witfre. With given parameter® andJ as resulting from the spin

“The different values oT originate from different measuring con- wave dispersion, the fit of the temperature dependent mag-
ditions. The magnetic measurements have been performed emplopetic correlation length according to E®) yields to a single

ing a SQUID magnetometer in an applied field of 1 T whereas thesoliton activation energy oEs=65(5) K. The temperature
neutron experiments are zero-field measurements. Indeed, particdependent magnetic correlation length as shown in Fig. 3 is
lar details of the low-temperature three-dimensional magnetic orin good agreement with the results of B&bauer relaxation
dering process of NMnF5 give rise to pronounced field effects spectra and single crystal susceptibility measuremeisis

that are currently being investigated. is a strong indication that the spin dynamics of,MaFs
dDepending on the fitting procedure; see the text. above the ordering temperature is indeed dominated by the
®From the assumptioR= EA/2. presence of soliton excitations.
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FIG. 4. Temperature dependent residual quasielastic scattering int8(&ify) of Na,MnFs due to magnetic soliton excitations.

Nonlinear excitations

soliton excitations. High-resolution inelastic neutron scatter-
High-resolution neutron spectroscopy is the most directnd €xperiments have been performed on the cold three-axis
experimental access to study non-linear magnetic excitation§Pectrometer IN12, also located at the Institute Laue Lange-

Neutron scattering by solitons gives rise to a weak quasielagdn, Grenoble. The i?lstrument operated in final wave vector
tic intensity hidden by a large incoherent elastic backgroundnode withki=1.4 A~* and a corresponding energy resolu-

signal. Therefore, high neutron flux, high resolution, andtion of AE(full width at half maximum)=100 ueV. A Be-

large single crystalline samples of high quality are the prefilter was inserted to suppress higher order contamination.
requisites for a successful experimental determination ofhe sample was again oriented with the reciprocal lattice
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E, / k, = 60(4) K

vectorsa* andb* lying in the horizontal scattering plane. In
order to determine the incoherent background properly, ad-
ditional measurements have been performed, eithel at
=1.5 K deep within the magnetically ordered state of

Na,MnF5 or atT=75 K[T=T(xmay ] Where magnetic cor- % S E,/ky=65(5)K 1
relations have been destroyed by the thermal energy. %

After the background correction, a residual quasielastic L;f
signal could be observed in the temperature ramgesT = 2t i
=30 K. The decreasing intensity upon increasing momen- NazMnF5

tum transfer confirms its magnetic origin. The data could
be successfully fitted by either a single Lorentzian line or . .
a pseudo-Voigt profile, convoluted with the instrumental -3 0.03 0.04
resolution. The quasielastic scattering intensities measured

atQ=(1,0.9,0) and the corresponding fits are shown in Fig.

4. The width of the signal strongly increases with increas- FIG. 5. Semilogarithmic plot of the residual quasielastic line
ing temperature, whereas its intensity becomes heavilwidth vs the inverse temperature of fénFs. The slope deter-
suppressedcompare with Fig. # The classical soliton mines the single soliton activation energy.

model describing a non-interacting soliton gas predicts an

exponential temperature dependence of the line width upoand are in excellent agreement with the results of single

1 1 1
0.05 0.06 0.07 0.08

T K"

temperature, crystal susceptibility measurements and®auer spectros-
copy!! The slightly smaller values of the magnetic ordering
. 25 D E, temperaturél’y and the intrachain constadiof Na,MnF5 as
I'p=¢ Us:\/_— SJ jeXF< - ﬁ) ' (4) compared to (NH),MnF5 are due to a weaker antiferromag-
& . netic exchange as resulting from a smaller Mn-F-Mn bridge
with the average thermal soliton velocity angle. The temperature dependent magnetic correlation
length is consistent with a soliton activation energyEaf
4SJ =65(5) K, which has been confirmed by direct measure-
US:W' (3  ments of the soliton excitations in high-resolution neutron
sB scattering experiments. Within the experimental accuracy,
and the single soliton activation energy given by these values are a factor of two smaller than the spin fluc-
5 tuation rate obtained by Mwsbauer spectroscoggyee Table
Es=45%\DJ. (6) ). These results are in agreement with systematic studies on

From the knowledge of the anisotropy and exchange conrFe(ll) linear chain compounds by de Jongh and
stantsJ and D, as derived by the measurements of the spirco-workers* The activation energf,, as determined by
wave dispersion, the only adjustable parameter is the solitothe electronic flipping ratd’p of the Mossbauer relaxation
activation energyEs. Therefore, attributing our measured spectra was systematically found to be twice the energy of a
quasielastic scattering signal solely to soliton excitations, thgingle soliton, that is, it corresponds to a soliton pair
observed temperature dependence of the linewidth deteexcitation!® Since the soliton pair excitations are thermally
mines the soliton activation energy, as displayed in Fig. 5activated, a coupling between the spin system and the pho-
The slope of Ifl'p(T)] versus the inverse temperaturel 1/ non bath is required which may be provided by spin-orbit
corresponds to a soliton activation energy &g/kg  coupling. The difference between the single soliton energy
=65(5) K when employing a single Lorentzian line and to E¢ as determined by neutron scattering experiments and the
Es/kg=60(5) K when performing the fit by a pseudo-Voigt thermal activation energf¥, established from Mssbauer

profile (as shown in Fig. b relaxation spectra has also been observed in )bMnFs. 2
However, this difference is in contrast to the classical de-
[l. DISCUSSION AND CONCLUSION scription within an ideal gas of non-interacting solitons, and

is presently examined theoreticalfy.
We have investigated the spin dynamics of the 1D magnet P y J

Na,MnF5 by means of inelastic neutron scattering. The mag-
netic properties of NgMnF5 are summarized in Table I. The
values of the exchange constarnd anisotropy constait This work was supported by the BMBF under Contract
have been determined by measuring the spin wave dispersidtos. 13N6917, PE04.22k, and FK:03-BA4MAR-5.
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