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Raman scattering from the spin-gap mode in the Ni-doped spin-Peierls compound CuGeO;
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By means of Raman scattering we have studied the spin-Peierls (SP) transition in Ni-doped CuGeO3
crystals. The folded-phonon peak extremely broadens and the two-magnetic-excitation mode disappears when
the Ni concentration is above about 2.0%, indicating that the SP phase collapses. The spin-gap mode is
activated in lightly Ni-doped samples. This peak neither splits nor shifts under magnetic fields in the SP phase,
but its frequency increases in the incommensurate phase. The activation of the spin-gap mode is interpreted in
terms of a mixing between the spin-singlet ground state and the S,=0 triplet excited one by staggered fields
around the doped impurities. Meanwhile, the two-magnetic-excitation mode gradually diminishes in intensity
with increasing magnetic field in the incommensurate phase.
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I. INTRODUCTION

The report on the spin-Peierls (SP) transition at Tgp
=14 K in an inorganic compound CuGeO; by Hase,
Terasaki, and Uchinokura'-? has rekindled significant interest
in the instability of quantum spin-1/2 antiferromagnetic (AF)
chains to the spin-singlet ground state together with a lattice
dimerization, i.e., the SP state. This compound consists of
spin chains of Cu* ions running along the crystallographic ¢
axis, where the spins of these Cu?* ions are coupled by an-
tiferromagnetic superexchange interactions via the oxygen
orbitals. The spin system can be modeled by the one-
dimensional Hamiltonian

H=J2 {(L+ )51 -850+ (1 = V)8 - $2i1

+ a8y - $2i41 + 82 S2142) ) (1)

where y (>0) is the temperature-dependent dimerization pa-
rameter that vanishes in the homogeneous state above Tgp. In
CuGeOs; a next-nearest-neighbor frustration term «J is com-
peting with the nearest-neighbor exchange interaction J.

The discovery of an inorganic SP compound CuGeO;
gives an ability to easily introduce dopants, which allows us
to study systematically the impurity effects on the SP transi-
tion. The first study on the effects of Zn substitution for Cu
on the SP transition of CuGeO; was done by Hase et al.’
After this study two kinds of doping have been carried out:
one is to directly change the spin degrees of freedom within
each CuO, chain by replacing some of the Cu?* ions (s
=1/2) with nonmagnetic impurities (Zn**, Mg?*, etc.) or
magnetic impurities (Ni** possessing s=1, etc.). The other is
by substituting Si for Ge, which modifies the strength of the
exchange interactions between the magnetic ions.

It has been established by many experimental works that
the impurity doping suppresses the occurrence of the SP tran-
sition and activates an underlying AF phase transition.33
When the dopant concentration is below a few percent, the
formation of the AF long-range order on the spin-gap back-
ground was confirmed by neutron scattering.’~!? The electron
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spin resonance (ESR) results'>!# indicate that the SP and AF
phases coexist just below the Néel temperature Ty, but there
is no phase separation between them enough below Ty, i.e.,
the dimerized AF phase is formed at low temperatures. At
high dopant concentrations, the long-range SP order disap-
pears and the uniform AF phase without the lattice dimeriza-
tion is stabilized. Masuda et al.'> studied magnetic suscepti-
bility in Mg-doped crystals and stated that a compositional
first-order phase transition between the dimerized and uni-
form AF phases occurred at a critical concentration x, and
consequently the Néel temperature T exhibited a conspicu-
ous jump.

Fukuyama et a studied theoretically the impurity-
doped SP state, especially when the exchange interactions
near impurities are modified in Si-doped CuGeOj3, using the
phase Hamiltonian technique. They stated that the envelopes
of the staggered AF moment and the lattice dimerization ex-
pressed by elliptic functions were formed in the dimerized
AF state, which was ascertained by uSR experiment.'’

The Ni** ion possesses a spin of s=1. Its dopant
concentration-temperature phase diagram is qualitatively
similar to that of the nonmagnetic-impurity-doped CuGeQOs,
i.e., Zn-, Mg-, and Si-doped samples.'3-22 It was reported in
the susceptibility study of Cu;_,Ni,GeOj; that the long-range
SP order disappeared above a critical concentration x,.
=(.020, and the uniform AF state without lattice dimeriza-
tions was formed at low temperatures.'®!° However, the Néel
temperature T rapidly decreased with decreasing Ni concen-
tration just below x.. Contrary to other impurities, the easy
axis is directed nearly along the a axis in the AF state be-
cause of the single-ion anisotropy, which is a distinguishing
feature in Ni-doped sample.'31%21-23 In this case it is impor-
tant to study the nature of the ground state and excitations in
order to understand the doped SP state.

The application of a magnetic field on the SP state of pure
or impurity-doped samples reduces the spin-gap energy of
the lowest triplet state in the magnetic excitation spectrum,
and at the critical field H, a transition to an incommensurate
(IC) state takes place with an occurrence of finite
magnetization.?*
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Raman scattering is one of the useful experimental meth-
ods to observe elementary excitations and study the SP
transition.?>2’ In the SP phase of pure CuGeO;, some char-
acteristic Raman peaks, i.e., the folded-phonon modes?® and
the two-magnetic-excitation bound state, were observed.?’
The emergence of the former indicates the formation of the
lattice dimerization. The latter is created just below double
the SP-gap energy by a strong attractive interaction between
two magnetic excitations. The SP-gap mode, i.e., the spin-
gap mode, is not observed in the first-order Raman process in
pure CuGeO;. However, it becomes Raman active in lightly
Zn-, Mg-, and Si-doped CuGeO;.2’*! Els et al.?®3? inter-
preted this Raman peak in terms of the mobile dopant-bound
spinons. Loa et al.?>* stated that it was attributed to the
spin-gap mode which was activated by a spinon-assisted pro-
cess.

The spin-gap mode in pure CuGeO5; was also observed in
the IC phase by means of Raman scattering under high mag-
netic fields.293933 Moreover, the two-magnetic-excitation
bound state gradually disappeared as the magnetic field was
increased in the IC phase.

It seems to us that the Raman process of emergence of the
spin-gap mode from the doped SP state and the IC phase in
pure CuGeOs; has not been satisfactorily clarified yet. Raman
scattering in Ni-doped SP system provides additional infor-
mation on the nature of their ground states and magnetic and
phononic excitations.

II. EXPERIMENT

Single crystals of Ni-doped samples, Cu;_,Ni, GeOj3, were
grown by the floating-zone method. The impurity concentra-
tion x in the Ni-doped CuGeO; was determined and the ho-
mogeneity was checked by inductively coupled plasma
atomic emission spectroscopy (ICP-AES). Raman spectra in
the right-angle scattering geometry were excited using the
Ar*-ion laser lines. The b(c,c)a, b(c,b+c)a, and a(c,a
+c)b spectra, dispersed by a Jobin-Yvon U1000 double-
grating monochromator, were detected by a photon counting
system because the folded phonons and magnetic excitations
appear in the (c,c) polarization configuration.”>?” Here, the
notation of the crystal axes follows the convention of Vol-
lenkle et al.3* The samples were cooled by a helium-gas-
flow-type cryostat with temperature regulation better than
*0.3 K. The magnetic field was applied along the a and b
axes using a split-type superconducting magnet (Oxford In-
struments, Spectromag) with temperature regulation better
than 0.1 K.

III. RESULTS

In the SP state, an energy gap between the singlet ground
and triplet excited states opens and a lattice dimerization is
formed. By Raman scattering we observed specific excita-
tions in the SP state of pure CuGeQOs, i.e., the folded-phonon
modes and the two-magnetic-excitation bound state.>>-%8
Moreover, the spin-gap mode was observed in lightly doped
CuGe0;.2728
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FIG. 1. The b(c,c)a Raman spectra between 300 and 400 cm™!
in pure and Ni-doped CuGeOj crystals at low temperatures.

A. Folded phonons

First, let us show Raman spectra from the folded-phonon
mode between 300 and 400 cm™' in pure and Ni-doped
CuGeO;s in Fig. 1. Two peaks at 330 and 369 cm™! are as-
signed to a Raman-active A,-phonon mode and a folded-
phonon mode, respectively. The folded-phonon mode is
folded from the Brillouin-zone boundary onto the zone cen-
ter in the SP state. Consequently it is indicative of the for-
mation of the lattice dimerization by the SP transition. At the
critical concentration x,.=0.020, we observed a weak peak
possessing a broad structure at the high-frequency side. A
similar feature was observed in heavily Zn- and Si-doped
samples,’® which is due to the short-range lattice dimeriza-
tion. At x=0.028 only a very weak and broad peak was ob-
served, indicating that the long-range SP order was almost
completely destroyed.

Figure 2 shows the temperature dependence of Raman
spectra between 300 and 400 cm™'. The folded-phonon
mode at 369 cm™' disappeared at 12 K in 0.5% Ni-doped
sample and at 11 K in 1.0% one. These temperatures are
1-1.5 degrees lower than the SP transition temperatures T'sp
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FIG. 2. Temperature dependence of Raman spectra between 300
and 400 cm™! in Ni-doped CuGeOj crystals.
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FIG. 3. Low-frequency Raman spectra at 6.0 K in pure and
Ni-doped CuGeOj; crystals. The spectrum at 3.0 K is also shown in
2.0% Ni-doped sample.

estimated by the magnetic susceptibility.'®!° Only a broad
structure was observed below 4 K in 2.0% and 2.8% Ni-
doped samples, indicating that the long-range SP order was
not formed even at low temperatures.

B. Magnetic excitations

Figure 3 shows the low-frequency Raman spectra at 6.0 K
in pure and Ni-doped CuGeO; crystals. In pure sample an
asymmetric sharp peak was observed at about 30 cm™' and
assigned as a two-magnetic excitation bound state. It is cre-
ated just below double the SP-gap energy by a strong attrac-
tive interaction between two magnetic excitations. The inten-
sity and peak position of the 30-cm™! peak decrease, and the
peak profile becomes symmetric as the Ni concentration is
increased, which suggests a crossover from the two-
magnetic-excitation bound state to the two-magnetic-
excitation resonance one.?’ Hereafter, we call it the two-
magnetic-excitation mode. In 0.5% and 1.0% Ni-doped
samples, we observed the spin-gap mode at about 14 and
13 cm™', respectively, in the (c,c) polarization configuration
together with the two-magnetic-excitation mode. It indicates
that the SP-gap energy A(T) decreases with increasing Ni
concentration, which is consistent with the result of neutron
scattering.® The spin-gap mode becomes observable due to
the Ni doping, as will be discussed later in detail. We em-
phasize that it has almost the same Raman intensity as the
two-magnetic-excitation mode.

The observation of the two-magnetic-excitation mode and
the spin-gap mode is a clear evidence of the opening of the
SP gap in the magnetic excitation spectrum. However, they
cannot be observed in 2.0% and 2.8% Ni-doped samples,
indicating that the long-range SP order is not formed in these
samples. It should be noted that the spin-gap mode was not
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FIG. 4. Temperature dependence of the low-frequency Raman
spectra in (a) 0.5 and (b) 1.0% Ni-doped CuGeOs; crystals. The
hatched areas denote the components of the spin-gap mode in the
fitting, and the dotted curves denote the backgrounds and/or the
direct scattering of incident light. Since the 1.6-K spectrum of 0.5%
Ni-doped sample was obtained in the superconducting magnet
(SCM), the intensity cannot be directly compared with the spectra
at high temperatures. The optical alignment in the SCM was differ-
ent from that in the helium-gas-flow-type cryostat.

observed at 3.0 K, while the broad folded-phonon mode ap-
peared below 4.0 K in 2.0% Ni-doped sample, clearly indi-
cating that the long-range SP order was not formed but the
strong short-range lattice dimerization existed below 4.0 K.

Figure 4 shows temperature dependence of the low-
frequency Raman spectra in 0.5 and 1.0% Ni-doped CuGeO3
crystals. The spin-gap mode and the two-magnetic-excitation
mode decrease in frequency with increasing temperature, and
they disappear above Tgp. The frequency of the spin-gap
mode and the peak position of the two-magnetic-excitation
mode as functions of temperature are shown in Fig. 5. The
former was obtained by fitting the spectrum in the method of
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FIG. 5. Temperature dependence of the frequency of the spin-
gap mode and the peak position of the two-magnetic-excitation
mode in 0.5 and 1.0% Ni-doped CuGeOs;. The dashed curves denote
power-law fits A(7)=A(0)(1—T/Tsp)? using the results of magnetic
susceptibility, Tsp=13.5 K and 12.0 K in 0.5 and 1.0% Ni-doped
samples (Refs. 18 and 19). The solid curves denote 2A(7T).

least-squares. Here we assumed that not only the spin-gap
mode but also the two-magnetic-excitation mode and the tail
of the direct scattering near zero cm~' have Lorentzian
curves. The obtained curve does not fit well the spectrum
between the spin-gap and the two-magnetic-excitation
modes, i.e., near 25 cm™', because the latter has an asym-
metric line shape. The result omitting the component of the
two-magnetic-excitation mode from the fitted curve is shown
in Fig. 4, and the hatched area reproduces well the net com-
ponent of the spin-gap mode. The SP-gap energy A(0) at T
=0 K holds a relation of A(0)=CkgTsp with C=1.61, which
is slightly smaller than C=1.76 of BCS theory in
superconductors.?’3! The peak position of the two-magnetic-
excitation mode is almost twice the frequency of the spin-
gap mode in 0.5% Ni-doped sample, but the former seems to
be a little bit larger than double the latter in 1.0% Ni-doped
one. We think that it is explainable in terms of a crossover
from the two-magnetic-excitation bound state to the two-
magnetic-excitation resonance state, as well as Zn- and Si-
doped samples.?’

C. Magnetic-field effects

Figure 6 shows the magnetic-field dependence of the low-
frequency Raman spectrum at 1.6 K in 0.5% Ni-doped
CuGeOs;. The magnetic field is applied parallel to the a axis.
The frequency of the spin-gap mode and the peak position of
two-magnetic-excitation mode do not change when the mag-
netic field is applied, indicating that the IC phase transition
does not occur below 12 T.

Figure 7(a) shows the magnetic-field dependence of the
low-frequency Raman spectrum of 1.0% Ni-doped CuGeO;
at 1.9 K in the b(c,b+c)a configuration, when the magnetic
field is applied parallel to the a axis. The detailed magnetic-
field dependence of the b(c,c)a Raman spectrum above 10 T
at 1.7 K is shown in Fig. 7(b). The frequency of the spin-gap
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FIG. 6. Magnetic-field dependence of the low-frequency Raman
spectrum at 1.6 K in 0.5% Ni-doped CuGeOj;, when the magnetic
field is applied parallel to the a axis. The hatched areas denote the
components of the spin-gap mode in the fitting, and the dotted lines
denote the backgrounds. The vertical dotted line denotes the fre-
quency of the spin-gap mode.

mode and the peak position of the two-magnetic-excitation
mode increased above 11.5 T. Moreover, the two-magnetic-
excitation mode decreased in intensity above 11.5 T.

The intensity of the spin-gap mode shows strange
magnetic-field dependence. As seen in Fig. 7, it decreases at
5 T and becomes almost constant with increasing magnetic
field. Then it increases above 11 T. It is noted that the change
in the intensity is not due to the Faraday rotation of the
scattered light, because the scattered light is collected with-
out polarization analyzers in the b(c,a+c)a polarization con-
figuration in Fig. 7(a) and the wave vector of the incident
light is perpendicular to the magnetic field. Moreover, each
intensity of the spectrum in Fig. 7(a) was normalized by that
of the 187-cm™" A, phonon peak.

Figure 8 shows the magnetic-field dependence of the low-
frequency a(c,a+c)b Raman spectrum of 1.0% Ni-doped
CuGeOs;, when the magnetic field is applied parallel to the b
axis. The spin-gap mode neither splits nor shifts in the SP
phase when the magnetic fields are applied parallel to the a
and b axes.

Figures 9(a) and 9(b) show the magnetic-field dependence
of the frequency of the spin-gap mode and the peak position
of the two-magnetic-excitation mode in 0.5% and 1.0%
samples, respectively. The frequency of the spin-gap mode in
0.5% and 1.0% Ni-doped samples was determined by fitting
the spectrum, as described above. One can see that the fre-
quencies of the spin-gap mode and the two-magnetic-
excitation mode increase above about 11.5 T in 1.0% Ni-
doped CuGeOs;, which indicates that the IC phase transition
occurs at H.=11.5 T and the critical magnetic field H, de-
creases with increasing Ni concentration.

With respect to the spin-gap mode and the two-magnetic-
excitation mode, almost the same results as the present ones
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FIG. 7. (a) Magnetic-field dependence of the low-frequency
b(c,b+c)a Raman spectrum at 1.9 K and (b) the details of the
b(c,c)a Raman spectrum above 10 T at 1.7 K in 1.0% Ni-doped
CuGeO3, when the magnetic field is applied parallel to the a axis.
The hatched areas denote the components of the spin-gap mode in
the fitting, and the dotted curves denote sums of the direct scattering
of incident light and the background. The dotted vertical lines de-
note the frequency of the spin-gap mode under low magnetic fields.

were observed in the Raman scattering of Si-doped CuGeO;
under high magnetic fields by Loa.’* He and his coworkers
also studied Raman scattering of pure CuGeOj; under high
magnetic fields and reported that the spin-gap mode was ac-
tivated in the IC phase, while it is Raman inactive in the SP
phase.??3%33 Moreover, the two-magnetic-excitation bound
state gradually disappeared as the magnetic field was in-
creased in the IC phase.
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FIG. 8. Magnetic-field dependence of the low-frequency a(c,a
+¢)b Raman spectrum at 2.0 K in 1.0% Ni-doped CuGeO3, when
the magnetic field is applied parallel to the b axis.

IV. DISCUSSION

Let us discuss why the spin-gap mode becomes Raman
active in the impurity-doped CuGeOs;. When the dimeriza-
tion parameter is one, y=1, and the frustration parameter is
zero, @=0, in Eq. (1), the wave function of the ground state
can be given as

|<Pa>= '”|0'>i|0'>i+l|o'>i+2"'9 (2)

where the spin-singlet dimer state |o); of the (2i—1,2i)
dimer is \l—(|TL>2i_]‘2,~—|lT)2i_l,2i). If the dimerization param-
eter is a little bit less than unity, the exchange-interaction
term (1—y)Js,;+8,,,; is treated as a perturbation Hamiltonian.
Then the excited spin-singlet state
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FIG. 9. Magnetic-field dependence of the frequency of the spin-
gap mode and the peak position of the two-magnetic-excitation
mode in (a) 0.5 and (b) 1.0% Ni-doped CuGeO5, when the magnetic
field is applied parallel to the a axis. The lines in (b) denote 1.4ugH
and 2.8ugH, where up is the Bohr magneton, respectively.
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|QDcr’(i)>= '“|0—>i—l|o—,>i,i+l|o->i+2"' (3)

is mixed to the unperturbed ground state in O[(1-1)/(1
+v)] correction because

&

4 |0J>i,i+l~ (4)

8 52i+1|0'>i|0'>i+1 =

Here the two-dimer state |o”);,;,; represents the spin-singlet
state other than |o);/0);,, and is given as

1
|0J>i,i+l = VTE{|T+1>i|T—1>i+1 + |7'—1>i|7'+1>i+1 - |TO>i|TO>i+l}’

(5)

where |7,1);=(11)2i-1.2- TO>i=\l‘(|Tl>2i—l,2i+|lT>2i—l,2i)a and
|7_1)i=|11)2i-1.2i» which are the S.=+1 spin-triplet dimer
state, the S,=0 one, and the S,=-1 one, of the (2i—1,2i)
dimer, respectively. Similarly,

/

V3
$2i-1 'S2i+1|<7>i|0'>i+1 =8 Szi+2|0'>;|ff>i+1 == Z|0J>i,i+1~

(6)

The wave function of the ground state is given as a linear
combination of the spin-singlet states |¢,) and |¢,(i)). Cow-
ley et al. discussed the magnetic excitation in the SP state
of CuGeOj in this approximation. Moreover, Brenig®’ stud-
ied the SP state of CuGeOj; using the bond-operator repre-
sentation and discussed the magnetic excitations in detail,
based on the limit of strong dimerization, taking the frus-
trated and interchain interactions into account.

Since the operator of s;-s; commutes with (s;+s;? and
(sf+s§), not only the spin-singlet ground state but also all the
excited state maintain the total spin S, and its z component
St €ven when y approaches zero, and the frustration term
is taken into consideration, as described by Eq. (1). There are
also the spin-singlet states including two |o”)’s, three ones,
and so on. Then the SP ground state |¥,) may be expanded
by these spin-singlet states.

Within a framework of the dimer model, the S,=0 triplet
excited state |‘I’70(qc)> with a wave vector ¢, along the chain
direction is given as

N
1 .
|\I,7'0(qc)>: ,f_E (e_lqczi|7-0>i)’ (7)
VN =1

where all the dimer states correspond to those of the ground
state |W,) except for |7,) at ith dimmer site and are omitted
in the notation, N is the number of dimers in a spin chain,
and z;=2ic because of the doubling of the unit cell along the
c axis. Here, c is the lattice parameter of the ¢ axis.

Fleury and Loudon® presented the theory of Raman scat-
tering by one- and two-magnon excitations. The first-order
(one-magnon) Raman scattering can be explained by the
spin-orbit interaction mechanism involving an electric-dipole
coupling, which proceeds through a spin-orbit coupling in
the magnetic ions. This mechanism states for example that
incident light linearly polarized along z gives rise to scattered
light which is right-circularly polarized in the xy plane. This
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effective Raman Hamiltonian can be written by the total spin
operators S;talzsfotal'*_istyotal and S;)lalzsfotal_isivotal in the SP
system [(s3;_,+55;) and (s3;_,+s55;) in the dimer model]. This
mechanism, therefore, does not work in the SP state because
the total spin is quenched completely in the ground state.

In the second-order magnetic Raman process of magnetic
materials, the exchange integral works between the pair of
magnetic ions. This mechanism plays an essential role in the
spin-singlet ground state because the total spin Sy, and its z
component S; ., are conserved in this Raman process. The
Raman Hamiltonian in the exchange-interaction mechanism

is fundamentally given as3%~4!

HR=EFi,j(Ein'di,j)(Esc'di,j)si'sj’ (®)
(i)

where E;, and E. are the unit vectors of the electric fields of
the incident and scattered lights, respectively. Here d; ; is a
unit vector connecting s; and s; and is parallel to the ¢ axis in
the one-dimensional spin-chain structure of CuGeO;, and F ;
is the matrix element for the Raman process accompanied by
simultaneous changes in the spin components of the interact-
ing Cu®* ions at ith and jth sites. Therefore we observe mag-
netic excitations in the (c,c¢) polarization, which are the to-
tally symmetric A, modes in the SP phase of CuGeOs. For
the alternating spin chain like the SP state of CuGeOs, the
Raman Hamiltonian in the (cc) polarization, which is derived
from Eq. (8) and has a similar form to Eq. (1), is given as

,H%hain — FOE {(1 + 7’)321'—1 -8y t+ (1 - 7’)S2i 82441
i

+a(S9i-1 - S2i1 + 82 S2i40) ) 9

where ' and «’ are expected to be about as large as vy and
a, respectively, and F originates from F;; in Eq. (8). If y
=v' and a=a’, the Raman Hamiltonian commutes with Eq.
(1) and there would be no Raman scattering.*%*! The param-
eters y and « were estimated as 0.014 and 0.24-0.36,
respectively.*>=** The following terms

H " = Fo(a' — 01)2 ($2i-1 * S2i41 + 82 $2:42),  (10)

1

works substantially in the Raman process of pure CuGeOs.
The SP ground state |¥,) includes pairs of dimers |o);]0),, 1,
as mentioned before. Using Eq. (6), the spin-singlet excited
dimmer state |o'), ie., the spin-singlet excited state
|W,/(g.=0)), can be created by Raman scattering and it may
be approximately written by two triplet magnetic excitations
near 2A(T),

N
1
|\I’U’(('Ic = O)> = ’/_2 |0J>i,i+1
VN i=1
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when interactions between magnetic excitations are weak. Its
spectrum shows approximately the density of states of the
overtone magnetic excitations near 2A(7), which is de-
scribed by Vw—2A(T), where w is the frequency (energy).?
It reflects the three dimensionality in magnetic property be-
cause the interchain interactions are not weak in CuGeQ;.*¢
When attractive interactions are strong between the spin-
triplet excited states, i.e., when v is small and/or « is large,
the two-magnetic-excitation bound state is created just below
double the SP-gap energy and the Raman spectrum shows an
asymmetric peak with a tail in the high-frequency region.?’
Moreover, it neither splits nor shifts under magnetic fields in
the SP phase because this state is spin-singlet.

Next let us consider the case when CuGeOs is doped with
Ni2* jons. The Ni** ions locally destroy the nonmagnetic
spin-singlet state and consequently the local magnetic field
involving the staggered magnetic field and the uniform aver-
age one emerges but attenuates far from the Ni** ions. This
magnetic field originates from the AF magnetic moments
near the impurities. The local AF order extends to approxi-
mately ten correlated spins of a chain.!” When the effective
local magnetic fields B,;,_; and B,; (=h,;/gug) are applied
along the z direction at the spins of the (2i—1,2i) dimer near
the Ni’* ion, the simplified Hamiltonian in a dimer can be
written as

3
Hi:ZAO+A()s2i—1 s+ M, (12)

where g and up are the g factor and the Bohr magneton,
respectively, the energies of the unperturbed spin-singlet
ground state |o) and spin-triplet excited state |7) in the dimer
are given as 0 and A, respectively, and

H = hoi 85y + hoiss; = (55,21 + 55,) + B3 (55,2, — 55).
(13)
Here

hyiy + hy;

haiy — hy;
2 ’ '

=
' 2

hy' = (14)
Since the average magnetic field A" does not play an impor-
tant role and is much weaker than &', we neglect it hereafter.
The staggered magnetic field /;' mixes the spin-singlet dimer
state |0); and the S.=0 triplet dimer state |7,),;, and then we
consider the following state:

1
| bogeni = Wﬂtf}i +dF 7)) (15)

We obtain the energies Ef of the ground state |¢,); and Ej of
the excited state |¢,);,

I
Ag— VA + 4k

gm0 D07 T
l 2 >
2 st2
Ag+ VAS +4h:
== (16)

and
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E% E;

di=i di= k. (17)
The above result in a dimer, therefore, suggests that the SP
ground state |¥,) and the S,=0 triplet excited state |\If70(qc)>
with ¢,= 7/ c are mixed with each other by impurities of Ni**
ions. This is the origin of activation of the spin-gap mode. It
should be noted that the S,= =+ 1 triplet dimer states |7.,) are
not mixed with the singlet dimer state, leading to that
|‘I’T+l(qc= 7/ ¢)) states remain Raman inactive. In case of the
magnon Bose-Einstein condensed phase of the spin-dimer
system TICuCl; under high magnetic fields, on the other
hand, the mixing of the S,= %1 spin-triplet states into the
spin-singlet ground state activates the one-magnon Raman
scattering.®

When the staggered magnetic field exists, the gap energy,
E$—E%, is larger than A. Using /{'=2J(1 - a)s?, we roughly
estimate the average of the staggered magnetic field (A
~0.22A. Here we used Ap=2.0 meV,* J=10.4 meV,* «
~0.3,44 ¢ ~2.0, which was obtained for the b axis in 0.5%
Ni-doped CuGeO5,?* and the result of the effective staggered
magnetic moment, gug(s;)~0.06up, in 1.7% Ni-doped
CuGeO;.% Taking into account the facts that the lattice dis-
tortion ¢ is reduced in the impurity-doped CuGeO5 and & is
proportional to A(0)¥23147 the average gap energy, (E}
—E), probably becomes smaller than A,. The energy of the
spin-gap mode A(0), which was obtained in the present ex-
periment, corresponds to (E—E¥%) and is a few cm™' smaller
than A, of pure CuGeO;.

The transition from the ground state to the excited state
becomes allowed in the exchange-interaction Raman pro-
cess, which may be created by the Raman Hamiltonian of
Eq. (9) in Ni-doped CuGeOj, instead of Eq. (10) in the two-
magnetic-excitation mode, and the matrix element in a dimer
is given as

st

chain _ ’ i
(el H |¢’g>i,i— F0(1+7’)\W- (18)

Using 7 ~y=14X107 and a-a[~a=0354 we
roughly estimate
(h")
(14—t ~02, (19)
VAG + 4(h3)?

which is nearly equal to |a—a’|. The local AF order extends
to approximately ten correlated spins of a chain in the vicin-
ity of Ni?* ion.!” Probably, the local AF order is also induced
in the adjacent chains because the momentum conservation
nearly holds in the Raman process from the spin-gap mode,
as will be discussed later. Then the Raman intensity of the
spin-gap mode is nearly equal to that of the two-magnetic-
excitation mode, and consequently it was observed in the
(c,c) polarization configuration, even though the impurity
concentration is very small, i.e., a few percent.

With increasing the concentration of Ni?* ions the locally
correlated antiferromagnetic (AF) spins are increased, result-
ing in a decrease in the two-magnetic-excitation mode in
Raman intensity together with an increase in the spin-gap
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mode. It, however, hardly increased when the Ni concentra-
tion was changed from 0.5% to 1.0% because the growth of
the long-range spin-Peierls (SP) order was arrested.

The correlated spin order around a Ni** ion probably ex-
tends to more than a few tens spins not only within a chain
but also in the adjacent chains. The S,=0 spin-triplet excited
states |‘I’To(qc)> near g.=7/c are mixed with the SP ground
state |W,,). Moreover, the momentum conservation along the
a and b axes is approximately maintained in the Raman pro-
cess from the spin-gap mode. Among the one-dimensional
spin chains, a ferromagnetic and an AF interchain interaction
work along the @ (x) and b (y) axes, respectively.*® Then the
SP state has a lattice modulation with (g,,q,)=(0,1), since
the spin chains are located at (x,y)=(fa,nb/2), where € and
n are integers. The spin excitation, which has a phase factor
of exp(izfy) along the b axis, is created by the exchange-
interaction Raman process. Thus we observed the SP-gap
excitation at (0,1,0.5) point, i.e., at the magnetic zone center,
which has the minimum energy in the reciprocal lattice
space, taking the doubling of the unit cell along the ¢ (z)
direction into account.*® Meanwhile, the SP-gap excitation at
(0,0,0.5) point at 44 cm™! is infrared-red active even in pure
CuGeOj3; when the polarization of the far-infrared light E is
along the b axis.*®

It is worthwhile to consider the emergence of the spin-gap
mode by impurity doping in terms of Dzyaloshinskii-Moriya
(DM) exchange interaction:

HDM=2D'(SiXSi+1)- (20)

The DM interaction may appear near the impurities because
the inversion symmetry is broken there. When the DM vector
D is parallel to the applied magnetic field, the S,=0 spin-
triplet dimer state |7,) is mixed with the spin-singlet ground
state |o). On the other hand, when D is perpendicular to the
applied magnetic field, the S,= =1 spin-triplet dimer states
|7..) are mixed with the spin-singlet ground state |o).*> By
means of Raman scattering, Gozar and Blumberg®® observed
a splitting of the spin-gap mode between the singlet ground
state and the excited triplet one in NaV,05 when the applied
magnetic field was perpendicular to the DM vector, and no
splitting when the applied magnetic field was parallel to the
DM vector. At least, either of the magnetic fields along the a
axis or the b one is not parallel to the DM vector in the
present experiment, and then we should observe a splitting of
the spin-gap mode. Therefore the present results cannot be
explained by the DM interaction. When the DM interaction
exists, the Raman Hamiltonian with the same form of Eq.
(20) should be taken into consideration. But the present re-
sults cannot be understood in terms of this Raman Hamil-
tonian.

When a magnetic field is applied parallel to the local stag-
gered field, i.e., the locally correlated AF moments, the spin-
gap mode neither splits nor shifts. However, the frequency
shift and the splitting should be observed when an applied
magnetic field is perpendicular to the local staggered field
because the S,=*1 spin-triplet states are mixed into the
singlet state. The spins of Ni** ions is directed nearly along
the a axis because of the single-ion magnetic anisotropy in
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the AF ordered state.'®!%21-23 Then it is expected that the
locally correlated AF moments in the vicinity of the Ni**
ions, i.e., the staggered magnetic field in the vicinity of the
Ni2* ions is also nearly parallel to the a axis in the SP state.
However, the easy-axis anisotropy was estimated to be very
weak.?!?3 On the other hand, the easy axis is along the ¢ axis
in the AF ordered state of nonmagnetic-impurity-doped
CuGeO3.2 Probably, the local AF moments, which are lo-
cated far from a Ni%* ion, tend to be parallel to the ¢ axis in
Ni-doped CuGeOj;. Then the staggered magnetic field may
be easily turned toward the direction of the external magnetic
field at a low magnetic field, in particular when the AF long-
range order is not formed. Therefore, the spin-gap mode nei-
ther split nor shifted in the SP phase when magnetic fields
were applied parallel to the a and b axes. Contrary to Raman
scattering, the splitting of the SP gap under magnetic fields
was observed by neutron scattering.’!

Under high magnetic fields, the incommensurate (IC)
state with a finite magnetization® is formed since its energy
is lower than the SP state. Just above H,. the IC state can be
described as discommensuration possessing domain walls
and the intervening commensurate lattices, thus forming the
soliton lattice.”>~>® The magnetic soliton possessing s=1/2 in
the IC phase involves the staggered and average magnetic
moments.>> Then the above discussion is also applicable to
the IC phase. The spin-gap mode, therefore, becomes observ-
able even in the IC phase of pure CuGeO; by Raman
scattering.?%3%33 With increasing magnetic field, the distance
between the solitons is reduced.’® Then the Raman intensity
of the two-magnetic-excitation mode decreases, while that of
the spin-gap mode increases. Moreover, their frequencies in-
crease.

The spin-gap mode was also observed in nonmagnetic-
impurity-doped CuGeOs, i.e., Zn-, Mg-, and Si-doped
CuGeOs, by Raman scattering.?’-?%3! These impurities also
induced the emergence of local staggered magnetization, re-
sulting in the mixing between the spin-singlet ground state
and the S§,=0 spin-triplet excited state. Then the spin-gap
mode becomes allowed in the exchange-interaction Raman
process.

Els et al.?®3? interpreted the spin-gap mode in terms of a
dopant-bound spinon. It moves far from the impurity through
the exchange-interaction Raman process of Eq. (9). In Ni-
doped sample the spinon bound to Ni** ion with an s=1 spin
hardly moves because it is expected to cost higher energy
when compared with the case of nonmagnetic impurity,
which denies this interpretation. Loa et al.?**" considered the
following process, assuming a spinon at (2i+ 1)th site in the
vicinity of the dopant impurity:

1
S+ 8204110l aist = 2\5| Tl Daier — 1 | 7o)l i1
(21)

Taking into consideration the fact that the locally correlated
AF spins are created near the impurities, the term of
[721)d | Y2i+1 in Eq. (21) representing the reverse of the spin at
(2i+1)th site should possess a higher energy because the
spin becomes parallel to the nearest neighbor one at (2i
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+2)th site. Since it has not been observed yet by Raman
scattering, this interpretation is not applicable to the present
case in CuGeO;.

V. CONCLUSION

We studied Raman scattering in Ni-doped CuGeO; crys-
tals under high magnetic fields at low temperatures. The 0.5
and 1.0% doped samples undertook the spin-Peierls transi-
tion (SP) but the 2.0 and 2.8% doped samples do not. How-
ever, the folded-phonon mode was weakly observed even in
the samples, which do not have the SP transition, indicating
the existence of the short-range lattice dimerization. The
two-magnetic-excitation mode was observed in the SP phase.
Then it was not observed in 2.0 and 2.8% doped samples.
The spin-gap mode appeared only in the SP state of Ni-
doped sample. With increasing Ni concentration, the fre-
quency of the spin-gap mode decreased. The incommensu-
rate (IC) phase, where the frequencies of the spin-gap mode
and the two-magnetic-excitation mode increase with increas-
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ing magnetic field, was observed above H.=11.5 T in 1.0%
Ni-doped sample. The critical magnetic field H, decreases
with increasing Ni concentration.

The impurity dopings induce a staggered magnetic field.
The activation of the spin-gap mode is interpreted in terms of
a mixing between the singlet ground state and the S,=0 trip-
let excited one by the staggered magnetic field.

This interpretation is applicable to the spin-gap mode not
only in the nonmagnetic-impurity-doped samples, i.e., Zn-,
Mg-, and Si-doped CuGeOs;, but also in the magnetic soliton
lattice of the incommensurate state under high magnetic
fields.

Taking into account the case of the magnon Bose-Einstein
condensed phase in TICuCl;, we conclude that Raman scat-
tering from one magnetic excitation is generally activated by
a mixing between the spin-singlet ground and spin-triplet
excited states in the spin-gap systems.
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