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NMR Evidence for a Magnetic Soliton Lattice in the High-Field Phase ofCuGeO3
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We present copper NMR spectra obtained in the high magnetic field phase of the inorganic spin-
Peierls compound CuGgO In the whole range 13—-17 T, the observed line shapes bring clear evidence
for the existence of a static incommensurate distribution of the local spin dehsitycorresponding
to a magnetic soliton lattice. The absolute valueSofat the top of a soliton is found equal to 0.065
at 1.4 K and 16.3 T. The temperature dependence of the amplitude of the local spin distribution is
proportional to(1 — 7/T,)°3?. [S0031-9007(96)00926-X]

PACS numbers: 75.10.Jm, 75.30.Fv, 75.50.Ee, 76.60.—k

The spin-Peierls (SP) state is a collective ground statdirectly the local magnetization at the position of tbe
which can occur for an array of sp%}Heisenberg spins of the SP system. Our results obtained in the IC
antiferromagnetic (AF) chains on a deformable latticephase, in the range 13-17 T, give for the first time a
[1]. On decreasing temperaturd’)( the SP systems direct access to the spatial distribution along a chain of
undergo atTsp a second-order phase transition from anthe static (time-averaged) magnetizatipnS.(i). This
undistorted () to a dimerized D) phase. While the magnetization clearly corresponds to a soliton lattice, i.e.,
spin excitation spectrum of thel chains is gapless, the to dimerized domains whei (i) = S™" = 0, separated
lattice dimerization opens a singlet-triplet gap, allowingby walls wheresS, (i) varies rapidly and takes a maximum
a magnetic energy gain which outweighs the loss invalue S much larger than the spatial average value
elastic energy. However, the application of an externalS,). We were able to determine the absolute value of
magnetic fieldd > H,. induces another phase transition S7***, as well as its" dependence in the IC phase.
to a new ground state with a finite magnetization at Experiments were carried out on a single crystal of
T = 0. Most of the theoretical models predict in this CuGeQ of =100 mg, cleaved along thé-c plane from
state an incommensurate (IC) modulation of both thea larger crystal grown from the melt by a floating zone
dimerization amplitude and the spin polarization. It turnstechnique, in an image furnace [10]H was set paral-
out that the SP Hamiltonian can be mapped onto thalel to the chain ¢) axis so that, from the NMR point of
of 1D strongly interacting spinless fermions coupled toview, both crystallographic Cu sites were equivalent [11].
the phonons, where the magnetic field plays the role oNMR spectra were recorded at fixed Larmor frequencies
the fermion chemical potential. SP systems thus providéy sweeping the magnetic field step by step and record-
the unique possibility to study the response of quasi-10ng the integral over the spin echo. The full spectrum
interacting fermion systems under a continuous change a&corded in théJ phase af’ = 20 K, shown in Fig. 1(a),
the chemical potential. It has also been argued that theeveals remarkably narrow lines (FWMH 120 G), indi-
field induced commensurate-IC phase transition shoul@ating a high crystalline quality [11]. Figure 1(b) shows
have a strong “solitonic” character close f@., with  the same spectrum recorded in the high-field phase. In
dimerized domains separated by walls (“solitons”) bearingspite of the fact that the central line of each isotope over-
a spin% [2-5]. However, due to the high magnetic fields laps with a satellite of the other isotope, one can see that
involved, an experimental characterization of the IC phasall the lines exhibit nearly the same pattern, that is a wide,
at a microscopic level has not been possible until recentlycontinuous distribution with a peak at the low field side,
The IC character of the modulation of the atomic positiona shoulder at higher field, and sharp edges on both sides.
is now confirmed by x-ray experiments [6]. This Letter Such a spectrum is the signature of an infinite number
presents the first detailed experimental insight into thedf nonequivalent copper sites corresponding tor@om-
local distribution of the spin polarization, as previousmensurate static modulation of the local magnetic field
attempts were able to detect only an inhomogeneougl2,13]. There is no significant modification or modula-

distribution of magnetization [4,7,8]. tion of the electric field gradient (EFG) tensor (defining
The present study has been carried out on the firghe separation between the NMR lines), as expected from
inorganic SP compound, CuGe@9], in which Tsp =  the absence of any measurable change in the EFG at the

14 K at zero field andH,. = 125 T at 4.2 K. We transition from theU to the SP phase [11,14]. Note that
studied the NMR line shape of copper nuclei, which probgrom the NMR spectra in thé&) phase [Fig. 1(a)], and
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85 90 95 100 105 11.0 where the value ofA, the hyperfine coupling constant
ML """"""""""""('a') along thec direction, is equal to-46 kG [11,14]. The
T=20K, vy=113.2MHz NMR line shape corresponds to the density of the local
2 | I®s |, 655 &g field distributiong (h):
> . = | - g(h) < ld(i)/dil . @)
g f L If we reasonably assunigi) to be a periodic function of
5 k. T period!/c, symmetric with respect to its maximum, and
ga T=42K, v,=172.4 MHz (b) monotonic over /(2c), the integral over the line shape
£ 63 63 oo
[ S, ®c S, i(h) o ] ¢(h)dh., 3)
[
[ -
£ 85g 65¢ 65g provides a direct determination df(i) or S.(i) as a
& 1 2 function of i given in arbitrary units. Equation (3)
provides, then, a simple and direct reconstitution of the
m H ey H local spin-polarization profile in real space, which is
""""""""" Lo b presented in Fig. 2 for the low temperature NMR line
13 14 15 16 17 shape. In addition to the raw data and the numerical

magnetic field (T) integral of these data, the full line represents a convenient

FIG. 1. The field sweep Cu NMR spectra of the (d) fitting function through the integral data points, enabling
and (b) incommensurate phase, with magnetic fleld axis.  US to visualize the dependence over the full period. In
For each of the two isotope¥Cu and ®Cu, the symbols order to account for the effects of experimental resolution
C, Si, S; denote the central line [transition-(/2 < 1/2)]  due to the “intrinsic” linewidth, the derivative of this

and two satellites [transitions=3/2 < +1/2)]. Below lower ¢ n0tion has been convoluted by a Gaussian with variance
spectrum, the expected (calculated) line position is given for the

SP phase at 4.2 K< zero magnetization) by diamonds, and for ¢ = 0-01 T, providing a fit to the experimental line

the U phase at 20 K< average magnetization) by squares. ~ shape (dotted line). One can see that the effects of the
convolution, which are neglected in Egs. (2) and (3), are
significant only very near the edges of the line shape, i.e.,

in the SP phase, in which the macroscopic and the locahe information oni(i) is somewhat blurred only in the

spin susceptibility vanishes at low temperature, we knowicinity of its extrema.

the precise correspondence between the spin susceptibil-As already mentioned, the-axis scale of raw NMR

ity and the position of NMR lines (for any chosen Lar- spectra can be directly converted from magnetic field into
mor frequency). This provides the key information in the

interpretation of the line shape in the IC phase; for all

T 3

the lines in Fig. 1(b), the position of the low field peak local susceptibility (10™ emu/mol)
corresponds t&, = 0, while that of the high-field shoul- -1 0 1 2 3 4 5
der corresponds t6"* values approximately four times OIS oo T ]

larger than the averagés,) deduced from the macro-
scopic susceptibility. This is precisely what is expected
in the soliton lattice picture, with dimerized domains with
zero spin polarization and™* value corresponding to
the center of the soliton. An interpretation in terms of
a canted IC spin density wave can be excluded, since it
would give rise to a similar line shape but reversed, i.e.,
with a peak and a step correspondingsf* ands, = 0,
respectively. The static character of the observed spin
distribution also implies that the lattice is 3D ordered, the
transverse coherence being ensured by the associated lat--

intensity and position (a. u.)

tice distortion. 2L

In order to proceed with more quantitative analysis of & [ o
the line shape [15], we recall that the local additional g0 e .. Paced
magnetic fieldz(i) experienced by a nucleus at siten a 16.1 16.2 16.3 16.4 16.5
chain is related to the local spin polarization and the local magnetic field (T)

spin susceptibilityy (i) through the relation
A FIG. 2. The®Cu (3/2 < 1/2) line shape (circles) taken at
N AT — . 1.4 K and 169.5 MHz, and the numerical integral of these data
A AS:() gMB XOH. () (diamonds). The lines are explained in the text.
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local spin susceptibility. In order to minimize the ex-
perimental error, the scale in Fig. 2 is defined as fol-
lows: (i) The position of the first moment of the line
shape (16.28 T), indicated by the dash-dotted line, is ad-
justed to the value of the average macroscopic suscepti-
bility, x»(16.3 T, T = 0) = 1.1 X 1073 emymol [16].

(i) From Eq. (1)A x /[emy/mol] = 0.015A4/[T].

We find the origin of the spin susceptibility scale (zero
value denoted by dashed line) close to the position of
smin ' as expected in the solitonic picture. Note that using
Eqg. (1), they scale of Fig. 2 (in10~* emymol) can be
converted into the absolute value 8f(i) by applying a Ff TR N
factor 1/71, leading to a value dS;“aX - S;“inl = (.065. 0.0 0.2 04 06 0.8 1.0

In the solitonic picture [2,4], each soliton carries a normalized spin polarization and magnetic field

. 1 . .
Spin 5 gnd therg are two solitons per perld(_J The FIG. 3. The predicted position dependence of the spin polar-
period is thus simply related to the magnetizatidh  ization (sA function of modulust), plotted with reversedx( <
by I/c = gus/M, leading tol/c = 65 for the data of y) coordinate axes, and the corresponding NMR line shape
Fig. 2. Treating the spinless fermions Hamiltonian within[from Eq. (2), convoluted by the Gaussian with= 0.03] in
a mean field approximation (MFA), the envelope of thethe same representation as in Fig. 2.
spatial dependence of the spin-lattice distortion has the
snoidal form u(i) « sn(4K(ky)ic/l, k1), where sfy, k)
andK (k) are the Jacobi elliptic function of modulésand  than theoretically predicted, which should be related to the
the complete elliptic integral of the first kind, respectively. approximations used to obtain Egs. (4) and (5) [5]. Af-
Within the same approximation, Fujita and Machida [5]ter the Jordan-Wigner transformation of the Hamiltonian,

have shown that the time averaged spin polarization cathe electron-electron interaction term is treated within the
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be expressed as Hartree approximation, which in fact corresponds toXive
. i i 1 —(—1) instead of the Heisenberg model. The resulting Hamilton-
S:(i) = ao — a1s <2K(k) [l/_c + 4 } ) ian is then treated within the MFA, which is likely to be

justified if the 3D character of the electron-phonon cou-

(4) pling suppressed the 1D fluctuations. Finally, the equa-
where ky = [1 — (1 = k»)Y2]/[1 + (1 — k¥*)"?]. The tions are solved in the continuum limit, which may be
envelope ofS. (i) is the same for even and odd spin sites,questionable at the center of the soliton, where ithie-
but shifted by half of the period. This shift accounts pendence is strong.
for the staggered component 8f(i), which reflects the ~ Equation (5) predicts that the amplitude of modula-
AF character of the system. The real NMR line shape ision «; is proportional to magnetizatiol o [~!, and it
best approximated from the sfunction fork = 0.95, as  increases withk, as solitons became “sharper.” Experi-
shown in Fig. 3. More quantitatively, the discrete Fouriermentally, from Fig. 1(b) we learn that; is roughly pro-
transform of the experimentai(i) dependence shown in portional to the magnetic field, i.ey,™ is approximately
Fig. 2 leads to an amplitude ratio of 0.27 for the first 7 independent. This is consistent with the prediction if we
harmonic over the fundamental ¢@%ic/l). The same admit that thed dependence of the magnetization, which
ratio is obtained for the pure %riunction, fork = 0.90.  decreases faster than linearly at low field, and of the soliton
Regarding the low temperature limit of the amplitude ofshape, being somewhat sharper at low field, compensate to

the modulatiory; in Eq. (4), give approximately constang™*. This assumption has
_ 4., T _ 2\ € to be confirmed by a more consistent study of Hheale-
a= wk K(k)K< b=k ) 1’ ©) pendence of the NMR line shape.

the experimental valuea{ = 0.065) corresponds to  There is also another theoretical description of solitons,
k = 0.86. We also remark thak,(k = 0.90) = 0.393,  which consists in transforming the 1D spinless fermions
meaning that the spin-lattice distortiati) is much more Hamiltonian into its phase form and applying the self-
sinusoidal thars. (i); the third harmonic (the second one consistent harmonic approximation [2,4]. Within this
being zero) ofu(i) is then expected to be only 3% of the formalism, the amplitude of the staggered magnetization
fundamental si@wic/l). at the top of the soliton al' = 0 is independent off
While on the qualitative and semiquantitative level weand given byS™* = (A/72J)!/2, where A is the gap
thus find a general agreement between NMR results anid the excitation spectrum of the SP phase. According
the theoretical predictions, there are important differenceto the values ofA (24 K) and J (120 K) [17], this
in the experimental shape 6t(i). The soliton peak is leads toH independent values &"** = 0.14, which is
found to be sharper and the dimerized domains less flahcompatible with our experimental results.
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s S e B e the ground state in the magnetic field range 13-17 T is a
63 field-induced magnetic 3D soliton lattice. The observed

Cu(3/2, 1/2) line shape corresponds to a spatial distribution of spin
polarization, with domains wher§g. (i) is close to zero.
The static character of this distribution implies that
the soliton lattice is pinned by defects. As far as the
microscopic distribution of, (i) is concerned, we found a
qualitative agreement with theories involving a staggered
component ofS, (i) parallel to the magnetic field.

We are indebted for enlightening discussions with
J.P. Boucher, A. Tsvelik, T. Giamarchi, S. Buzdin, and

NMR spin-echo integral (arb. units)

S. Brazovski.
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