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ミクロな磁石で探る


「固体」の物理学
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Ⅳ. 核磁気共鳴による固体物理学研究

1. 核磁気共鳴の原理

2. 核磁気共鳴装置

3. 固体物理学研究への利用

4. 医療への応用：MRIの原理
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NMRでみた低次元量子スピン系の
特異な基底状態 

～不純物誘起反強磁性と電荷秩序転移～

1.　スピン・パイエルス物質CuGeO3の原子置換効果 
～Cu(Ge-Si)O3におけるCu核 NMR • NQR～ 

J.Kikuchi et al. PRL88, 037603 (2002); 固体物理40, 431 (2005)


2.　NaV2O5における電荷秩序と電子状態
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低次元磁性体とは？
一次元格子（鎖）

J||

J⊥

梯子格子

J

J

二次元正方格子

J

二次元三角格子

KCuF3, Sr2CuO3, CuGeO3 etc.

SrCu2O3, NaV2O5 etc.

K2NiF4, La2CuO4 etc. NaTiO2, LiNiO2 etc.

交換相互作用(大きさJ)の強く働く方向が空間的に限定

J
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• 通常の(三次元)磁性体 
臨界温度以下で磁気モーメントが自発的に整列（磁気秩序） 

• 低次元磁性体 
有限温度での磁気秩序なし 
S=1/2一次元反強磁性：絶対零度でも磁気秩序なし

低次元磁性体の特異な振舞い

常磁性状態 強磁性秩序状態 反強磁性秩序状態

低温

E12 = �JS1 · S2 (J < 0)

反平行配列が安定
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低次元磁性体の特異な振舞い：磁化率

擬一次元物質：付加的相互作用による様々な秩序状態 

＝鎖間相互作用、スピン・格子相互作用 etc.

通常の反強磁性体：

Curie-Weiss則

磁
化
率
 χ

温度 T

χ=
C

T +θ

χk

χ?

TN ⇡ J

一次元反強磁性体：

　Bonner-Fisher型

　T~Jでなだらかな極大

磁
化
率
 χ

温度 T
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スピン・パイエルス転移
格子の自発的歪みを伴う非磁性状態への相転移 
格子系と結合したS=1/2一次元反強磁性スピン系に特有

J J J J J

a a a a a

T>TSP 

常磁性状態

スピン一重項(S=0)対の形成 
↓ 

磁性の消失

T

χ

＝ボンド交替鎖（alternating chain）

J1 J2 J1 J2 J1>

a-∆a
a+∆a a+∆a

a-∆a a-∆a

T<TSP 

非磁性状態

二量体

(dimer)

T

χTSP
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c

Cu

O
Ge

CuGeO3の磁気的性質
• スピン・パイエルス転移 
（無機化合物では唯一） 
TSP = 14.2 K 

J2/J1 = 0.98 

• 擬一次元磁性 
Jc = 10.4 meV 

Jb = 0.1 Jc 
Ja = ‒0.01 Jc

Pbmm（斜方晶） 
a = 4.796 Å 
b = 8.466 Å 
c = 2.940 Å

chain//c

結晶構造

銅原子の一次元鎖

Cu

(S=1/2) O

Ge

a

b
c

原子置換効果 
1）Cu → Zn, Mg 
2）Ge → Si
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磁性体の原子置換効果
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磁性体の原子置換効果

通常の磁性体では・・・ 
　非磁性原子置換＝希釈効果 

→転移温度の低下

非磁性原子
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一次元磁性体の原子置換効果

CuCu

J J JJ J

Cu 
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CuCu Zn,Mg

J J J

一次元磁性体の原子置換効果
Cu     Zn, Mg, ... ＝有限サイズ効果 

（磁気鎖の切断）

CuCu

J J JJ J

Ge

Ge 
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Ge     Si

CuCu

J J JJ' J

Si

CuCu Zn,Mg

J J J

一次元磁性体の原子置換効果

＝磁気的結合の変調

J´~ 0 実効的な 
     有限サイズ効果

D. Khomskii et al., 
 Czech. J. Phys. 46, 3239 (1996)

Cu     Zn, Mg, ... ＝有限サイズ効果 
（磁気鎖の切断）
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a-axis8 unlike Zn and Mg-doped CuGeO3 where it is along
the c-axis. TSP and the Néel temperature (TN) were deter-
mined in all our samples, and are defined as temperatures
giving the maximum of dx/dT and d(xT)/dT respectively
~see Ref. 7!. The resulting (T ,x) phase diagram is presented
in Fig. 2. One can notice that the Cu12xMxGeO3 compounds
display the same phase diagram for M5Zn, Mg, and Ni,
although the TN(x) curve for Cu12xNixGeO3 has a maxi-
mum at a slightly lower temperature. For these three substi-
tutions, the SP transition line can be well described by the
linear equation TSP(x)/TSP(0)512ax with a'15 ~see
solid line in Fig. 2!, so that TSP(x) tends to zero for x
'0.067. In CuGe12ySiyO3, TSP(y) was found to follow the
same simple equation with a'44.7 This leads to the scaling
y'3x . The TSP(y) and TN(y) data from Ref. 7 are also
plotted in Fig. 2 using this scaling. Then, the Néel tempera-
tures, TN(x) for Zn and Mg, and TN(y) for Si, are also
coincident. The TN(x) data of Zn-doped CuGeO3 at low x
suggest the absence of a threshold concentration for the oc-
currence of the AF phase: The Néel temperature seems to
tend to zero as x tends to zero. Note that it was not possible
to make this assumption for CuGe12ySiyO3 ~Ref. 7! due to
the three times stronger effect of Si-substitution.
For the low concentration (x<0.02) Zn, Mg, and Ni-

doped samples, we assume that below TSP(x) the Cu spins
give rise to two main contributions: spin-Peierls ~dimerized
spins! and paramagnetic ~free spins!. We thus fit the molar
susceptibility data x(x ,T) between TN(x) and TSP(x) to the
following relation:

x~x ,T !5x0~x !1KPARA~x !
C

T2u
1KSP~x !xSP~T !. ~1!

The first term x0 is a small constant which includes the dia-
magnetic contributions of both the sample holder and the
sample itself as well as the Van Vleck contribution of the
sample. The second term represents the paramagnetic Curie-
Weiss contribution of a small proportion KPARA(x) of S
51/2 free spins, with C the molar Curie constant of pure

CuGeO3. The third term represents the spin-Peierls contribu-
tion of a proportion KSP(x) of Cu spins which is assumed to
have the same temperature dependence, with lower TSP(x),
as in the pure sample. Thus we used, for the fits, the phe-
nomenological expression previously established for the pure
sample,7 with no adjustable parameter:

xSP~T !5F~ t !5~a01a1t1a2t2!expS 2
A
t D . ~2!

In this relation, the exponential function accounts for the
presence of the SP gap and t is the reduced temperature
T/TSP(x).
The fits of the x(T) data to expression ~1! for

Cu0.993Zn0.007GeO3 ~along the c axis! and for
Cu0.992Ni0.008GeO3 ~along the c and a axis! are shown in Fig.
1 ~solid lines!. As expected, the x0(x) values remain very
small and do not depend on the doping level for the Zn and
Mg-doped samples (ux0u,0.131023 emu/mol). However,
this is not the case for the Ni-doped samples where x0 in-
creases from 0.45 to 1.231023 emu/mol when x increases
from 0.01 to 0.02. This latter observation will be discussed
further on. The doping level dependence of the spin propor-
tions KPARA and KSP is shown in Fig. 3. The KPARA(x) and
KSP(x) data are to a good approximation coincident for the
three substitutions, except the values of KPARA(x) for Ni,
which are on the average two times smaller than for Mg and
Zn. These latter values are also slightly different for the c
and a-axis. The KPARA(x) and KSP(x) data were fit to the
linear laws:

KPARA~x !5ax , ~3!

KSP~x !512bx ~4!

and the following coefficients were obtained: a'1.2 and
b'32. An extrapolation to KSP(x)50 implies that the SP
phase would disappear for x'0.03. The behavior of
KPARA(x) for Zn or Mg implies that each impurity ion is

FIG. 2. @T ,x(y)# phase diagram of Cu12xMxGeO3 with M
5Zn, Mg, Ni, and CuGe12ySiyO3, using the scaling y53x . Within
this scaling, one can notice the universal character of the phase
diagram, except for the TN(x) data in Ni-doped CuGeO3. The solid
line is described by the equation TSP(x)5TSP(0)@1215x# .

FIG. 3. Doping level dependence of the proportions of spins in
the paramagnetic ~open symbols! and spin-Peierls ~solid symbols!
states, for Cu12xMxGeO3 and CuGe12ySiyO3, using the scaling y
53x . These two contributions were fitted to a linear law ~solid
lines! and extrapolated up to x'0.03 (y'0.01) ~dashed lines!. All
these data were obtained with Hic , except the down triangles for
which Hia .
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• スピン・パイエルス（SP）秩序の抑制、消失 
• 反強磁性（AF）長距離秩序の発生　　　　SP秩序と共存 
• 置換方法、置換元素によらない磁気相図

磁化率（CuGe1-xSixO3） 磁気相図

原子置換効果（実験）

apparent for x.0.008. Indeed, a linear extrapolation of
KSP(x) in Fig. 3 implies that the SP phase vanishes for x
'0.01. A specific-heat measurement has been performed on
our 1.5% Si-doped sample to confirm this assumption ~see
Fig. 6!. Indeed, this technique should be better able, unlike
measurements of the magnetization, to separate the Néel and
spin-Peierls transitions. An anomaly is observed at 4.7 K that
corresponds to the Néel temperature, but no anomaly is seen
at higher temperatures, up to 15 K. This experiment shows
unambiguously that the SP phase has completely disappeared
for x50.015. Hiroi et al. have also performed specific-heat
measurements in two different CuGe12xSixO3 crystals, one
with x50.01 and the other with x50.02, which lead to the
same conclusion.28 Indeed, they observe Néel and SP transi-
tions in the first sample but only a Néel transition in the
second one. However, in comparison to our experiments, the
values of TN and TSP ~2.5 and 10.8 K, respectively! they
obtain indicate that the first sample corresponds in fact to x
50.005, and the second one seems to correspond to x
'0.015.
Coming back to our SQUID measurements and to Fig. 5,

no Néel transition is seen in the pure sample down to 80 mK
while it is present from x50.002 to x50.1, i.e., for all the
Si-doped samples we have investigated. The spin-Peierls
transition, when it exists, is defined as the temperature cor-
responding to the maximum of the derivative of the suscep-
tibility, dx/dT . The temperature dependence of this latter is

plotted for a few samples in Fig. 7. For the pure sample,
dx/dT vs T shows a sharp l-type behavior. But one can
notice a drastic smoothing and broadening of the peak with
increased doping concentration. The Néel temperature TN is
defined as the temperature corresponding to the maximum of
d(xT)/dT , which is identical to the maximum of magnetic
specific heat following the Fisher formula.29 One can notice,
from the shape of the x(T) curves, that the Néel transition is
very sharp at low and high doping levels ~x<0.003 and x
.0.05! and broadens substantially at the intermediate doping
concentrations.
The spin-Peierls transition line can be well described by

the following linear equation:

TSP~x !/TSP~0 !512ax , with a544, ~11!

so that TSP(x) tends to zero for x50.022 ~see the dashed line
in Fig. 8!. This x value is about twice as large as the one
corresponding to KSP(x)50 ~see Fig. 3!. This discrepancy is
not understood at the moment. The Néel temperature shows
a drastic increase with increasing x for small x , followed by
a broad maximum at 4.7 K for x50.015 and then by a
smooth decrease. This maximum occurs in a doping concen-
tration range where the broadening of the Néel transition is

FIG. 5. Susceptibility measurements vs temperature, normalized
at 20 K, of several CuGe12xSixO3 samples.

FIG. 6. Temperature dependence of the specific heat over the
temperature in CuGe0.985Si0.015O3.

FIG. 7. Derivative of the susceptibility vs temperature for a few
low concentration Si-doped CuGeO3 samples.

FIG. 8. (T ,x) phase diagram of CuGe12xSixO3. The TSP(x) data
~h! is fitted to the linear law ~---! defined by Eq. ~11!, the TN(x)
data ~s! at large x is fitted to Eq. ~20! ~•••! and the solid line ~—!
for the TN(x) data at smaller x is just a guide for the eyes. The inset
shows the low x part of the phase diagram with corrected x values,
assuming that the linear dependence of TSP(x) holds down to x
50.
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TSP

B. Grenier et al., PRB 57, 3444 (1996)

H//c Ge→Si置換濃度

Cu→Zn,Mg置換濃度

TSP

TN

反強磁性秩序

スピン・パイエ
ルス秩序

スピン・パイエルス
＋反強磁性秩序

常磁性状態
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AF秩序とSP秩序の共存状態

超格子反射強度（中性子回折）

空間的に不均一な長距離磁気秩序

磁気構造モデル（μSR）

VOLUME 79, NUMBER 3 P HY S I CA L REV I EW LE T T ER S 21 JULY 1997

Antiferromagnetic Order with Spatially Inhomogeneous Ordered Moment Size
of Zn- and Si-Doped CuGeO3

K.M. Kojima,1,* Y. Fudamoto,1 M. Larkin,1 G.M. Luke,1 J. Merrin,1 B. Nachumi,1 Y. J. Uemura,1 M. Hase,2,†

Y. Sasago,2 K. Uchinokura,2 Y. Ajiro,3,‡ A. Revcolevschi,4 and J.-P. Renard5

1Department of Physics, Columbia University, New York, New York 10027
2Department of Applied Physics, University of Tokyo, Tokyo 113, Japan

3Department of Applied Physics, Fukui University, Fukui 910, Japan
4Laboratoire de Chimie des Solides, Université Paris-Sud, 91405 Orsay, Cédex, France

5Institut d’Electronique Fondamentale, Université Paris-Sud, 91405 Orsay Cédex, France
(Received 10 January 1997)

We report muon spin relaxation measurements of the doped spin-Peierls system sCu12xZnxd-
sGe12ySiydO3. Spontaneous muon spin precession in zero applied field was observed, confirming the
presence of antiferromagnetic order in this series of compounds. In contrast to usual antiferromagnets,
muon spin precession is accompanied by a relaxation signal indicating a large spatial inhomogeneity
of the ordered moment size. Assuming an exponential decay of the moment size away from the
doping centers, we estimated a decay length of j , 10 lattice units along the chain. We suggest
that both Zn and Si doping induces the same maximum moment size around the doping center.
[S0031-9007(97)03590-4]

PACS numbers: 75.40.Cx, 75.50.Ee, 76.75.+ i

One-dimensional quantum spin systems have received
considerable attention recently because of the quantum
mechanical nature of their ground states. One particularly
interesting phenomenon is the spin-Peierls transition:
a structural transition coupled with singlet pairing of
neighboring spins along an S ≠ 1y2 antiferromagnetic
spin chain. This type of transition was first observed in
several organic compounds in the 1970’s [1–3]. The
discovery of a new spin-Peierls material CuGeO3 [4],
however, changed the course of experimental investiga-
tions of spin-Peierls phenomena, because this material
allows doping at the spin site (Zn ! Cu [5]) and at
the side chain (Si ! Ge [6]). From several previous
measurements, antiferromagnetic order of Cu moments
has been identified in both the Zn-doped systems [7–12]
and the Si-doped systems [6,13,14].
To understand the ordering mechanism, recent theoreti-

cal investigations of the Si-doped system suggested that
perturbations to the lattice may be important [15]. A sili-
con ion has a significantly smaller ionic radius than
germanium and may cause local strain which prevents the
spin-Peierls dimerization. The authors of Ref. [15] solved
the spin-lattice Hamiltonian and showed that staggered
moments are induced around the doping center, which
leads to antiferromagnetic order. In the framework of
this theory, both the lattice order parameter and the
spin order parameter (ordered moment size) have a large
spatial inhomogeneity; the size of the ordered moments
will be maximum around the doping center, and decay
exponentially along the chain (see Fig. 1). For the
Zn-doped system, the mechanism responsible for the
antiferromagnetic order is not yet clear; still, it has been
proposed that a semi-infinite S ≠ 1y2 spin chain will
have staggered moments near the chain end [16,17]. If

the lattice dimerization is somehow suppressed by Zn
doping, the induced staggered moments may lead to an
antiferromagnetic order. In this case as well, a large
spatial inhomogeneity of the ordered moment size is
expected [16].
Experimentally, spatial inhomogeneity of the moment

size has been suggested from neutron diffraction measure-
ments of the Zn-doped system [10]; as indirect evidence,
the absence of low-temperature saturation of the anti-
ferromagnetic Bragg peak intensity has been pointed out.
However, direct evidence, such as diffuse scattering due to
spatial inhomogeneity of moment size and/or lattice dimer-
ization, has not been reported.
Muon spin relaxation (mSR) is a powerful method

to investigate spatial inhomogeneity of ordered moments
[18,19]. In a usual antiferromagnet, which has homoge-
neous and commensurate ordered moments, the coherent
precession of muon spin is observed [20], because the
local field at the muon site takes the same magnitude at
every unit cell. With increasing inhomogeneity in the mo-
ment size, the muon spin precession becomes damped; in
the limit of spatially uncorrelated magnetic order, the muon

FIG. 1. Schematic view of an antiferromagnetic order with
a spatial inhomogeneity. The moment size takes a maximum
(s0) around the doping center, and exponentially decays with a
correlation length j.
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K.M. Kojima et al., PRL 79, 503 (1997)

M.C. Martin et al., PRB 56, 3173 (1997)

不純物原子

不純物近傍に極大？ 
（理論的予測に基づく。μSRでは同定不可）

TSP

TN

磁
気
反
射
強
度 核
反
射
強
度

S = S0 exp(-x/ξ)

S0 = 0.2～0.5 μB


ξ ～10

15

原子置換による磁性原子対の破壊

J1 J2非置換 
(CuGeO3)

16

原子置換による磁性原子対の破壊

J1 J2非置換 
(CuGeO3)

孤立スピンが鎖端に発生

銅原子置換 
(Cu → Zn, Mg, ...)

Ge原子置換
(Ge → Si)

原子置換＝ 
磁性原子対の破壊
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理論計算，数値シミュレーション

1)有限長の交替ボンド鎖

two lattice spacings regulated by the coupling J2. For the
particular case J2 /J150.5 the ground state has a spin gap
~on a finite chain with PBC, it is doubly degenerate!.29 In
spite of such clear differences between the ground states at
J2 /J150 and 0.5, the local susceptibility behaves very simi-
larly as shown in the figure. The uniform component does
not show any sign of having a localized spin state near the
ends ~actually the spin distribution has its minimum at the
edges!. Then, the spin J12J2 model has a finite spin gap and
yet no localized spin-1/2 states near the edges. A very similar
behavior was observed in the case J2 /J150.4 ~not shown!,
and, thus, the results of Figs. 11~a! and 11~b! can be consid-
ered as representative of the spin gapped regime of the frus-
trated Heisenberg chain. An enhanced staggered susceptibil-
ity does not only exist in the unfrustrated Heisenberg model
but also in a much broader family of models that include
frustration in the Hamiltonian. The key common ingredient

to obtain quantitatively a growing x i away from the edges
seems the absence of localized spins at the ends. Thus it is
here concluded that the phenomenon of a growing staggered
susceptibility at zero temperature away from the edges is
more general than previously expected.
Here it is important to remark that the behavior described

in this subsection could actually be observed in spin-Peierls
systems such as CuGeO3. To understand this statement note
that the similarities between the results of Secs. V B and V C
are caused by the dynamical adjustment in the latter of the
pattern of spin dimers that appear at J2 /J150.5. When a
vacancy breaks a spin singlet, the local ‘‘damage’’ is avoided
by a dynamical process similar to the one discussed in Fig. 5.
For an even number of sites between vacancies this effect
heals completely the damage ~while with an odd number of
sites a soliton appears at mid-distance between the vacan-
cies!. Thus there are no spin-1/2 states localized near the Zn
vacancies. A similar process is expected to occur in 1D spin-
Peierls systems where the phonons are dynamical variables
which can also adjust the pattern of strong and weak links.
Preliminary Monte Carlo numerical results show that this
effect indeed occurs in practice.34 On the other hand, note
that recently it has been claimed35 that interchain interactions
may actually stabilize a given pattern of distortions, i.e., with
and without nonmagnetic impurities the weak and strong
bonds of the dimerized chain may remain the same as for
nondynamical phonons. Under these circumstances the re-
sults of the next section would apply to CuGeO3.

D. x i in the dimerized Heisenberg chain

The behavior for the case of a dimerized J12J22d spin
chain is quantitatively very different from that observed in
the S51/2 Heisenberg model with and without frustration,
although qualitatively they are related. Figure 12 shows re-
sults for a representative value of the dimerization
d50.048.36 The first and last links are ‘‘weak’’ in Fig. 12.

FIG. 10. Staggered component of x i for the S51/2 Heisenberg
model on a chain, obtained with DMRG keeping m516 states.
Results for several lengths are given.

FIG. 11. Uniform and staggered components of the local sus-
ceptibility x i obtained with the DMRG method applied to the frus-
trated S51/2 Heisenberg model with J2 /J150.5 on a chain with L
sites, using m states in the iterations and studying the subspace with
a total spin in the z direction equal to 1. ~a! corresponds to L580
and m532, and ~b! to L541 and m532.

FIG. 12. Uniform and staggered components of the local sus-
ceptibility x i obtained with the DMRG method applied to the
dimerized S51/2 chain with no frustration J2 /J150 and d
50.048 on a chain with L sites, using m states in the iterations and
studying the subspace with a total spin in the z direction equal to 1.
~a! corresponds to L5160 and m520, and ~b! to L533 and m
532. In both cases the first link after the left chain end is ‘‘weak.’’
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鎖端

M. Laukamp et al., PRB 57, 10755 (1998)

2) 置換原子近傍における
格子変形の抑制

磁
気
モ
ー
メ
ン
ト

格
子
変
形
の
大
き
さ

置換原子位置

H. Fukuyama et al., JPSJ 65, 1182 (1996)

置換原子(鎖端)近傍における
モーメント発生を支持

反強磁性成分

強磁性成分

18



磁気モーメント形成の微視的機構 

磁性原子対の破壊による鎖端磁気モーメントの発生？ 

直接の実験的証拠なし 
（位置情報は皆無）

NMR•NQRによる直接的検証
CuGe1-xSixO3系

研究の動機

19

Si

Si Si
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NQR    　電気四重極相互作用（I ≥ 1）
m = ±3/2

±1/2

E

€ 

e2qQ
2

外部磁場=0

NQR周波数：周囲の電荷分布を反映 
       （局所的構造・環境） 

共鳴線の数 ＝ 環境の異なるサイトの数 
共鳴吸収強度 ∝ 原子核の数（サイトの多重度）

eQ：核四重極モーメント

eq：原子核位置における電場勾配 eq=
∂2V
∂z2

63Cu,65Cu : 核スピン I = 3/2

ν

In
te
ns
ity

65Cu

63Cu

65νNQR 63νNQR

Cu NQRスペクトル

Frequency

63ν/65ν=63 Q/65Q= 1.081

核四重極共鳴

HQ =
e2qQ

4I(2I�1)[3I
2
Z� I(I+1)]

V(r)：結晶電位

21

核スピンI=1/2以外の原子核の電荷分布は非球状 
↓ 

周囲の電荷配置と核の向きに依存してエネルギー
の高低が変化 

↓ 
エネルギー準位の分裂，共鳴吸収

核四重極共鳴 (NQR)

− −＋ − −＋
安定 不安定
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Cu NQR スペクトル

In
te

ns
ity

 (a
rb

. u
ni

ts
)

353433323130
Frequency (MHz)

x = 0

T = 4.2 K
τ = 10 µs

63Cu65Cu

CuGe1-xSixO3

H=0
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353433323130
Frequency (MHz)

x = 0

0.006

0.010

0.012

0.020 (6 K)

0.050

x2

x2

T = 4.2 K
τ = 10 µs

63Cu65Cu

Cu NQR スペクトル

• サテライト線 S1, S2 の出現 
環境の異なる銅原子の存在 
＝Si近傍の銅原子？ 

• 主共鳴線 M の急激な強度減少 

• 線幅の広がり小 
構造の乱れは比較的小さい

S1

S2

M

CuGe1-xSixO3

H=0
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～強度減少の原因～ 

• 構造の乱れ 

共鳴線の広がり 

置換原子近傍で顕著 

• 磁性原子対の破壊による磁
気モーメントの発生 
磁気モーメントを持つ原子
の信号観測は困難 

発生機構に依存

全積分強度の組成依存性

信号消失

CuGe1-xSixO3

∝観
測
さ
れ
た
銅
原
子
核
数

全
積
分
強
度

Si原子濃度
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積分強度の解析
Cu NQR 周波数：隣接Si原子数により定まる 
隣接Ge原子n個中、k個がSi原子により置換される確率

M：隣接Si原子なし（k=0） 
S1： n個中1個の隣接Si原子（k=1） 
S2： n個中2個の隣接Si原子（k=2）

= nCk(1� x)n�kxk

  Cu-Ge原子間距離 
第一隣接 3.29 Å  x4 （n=4） 
第二隣接 3.75 Å x4 （n=8） 
第三隣接 5.30 Å x4 （n=12） 

第十隣接 7.96 Å x4 （n=40）

… GeO4

CuO4

1st nn
2nd nn
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• n=4または8でサテライト線の
組成依存性が再現可能
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M

• n=4または8でサテライト線の
組成依存性が再現可能 

• 主共鳴線の大部分が消失

信号消失

2nd nn 
（n=8）
1st nn 
（n=4）

隣接Si原子なし 隣接Si原子2個

隣接Si原子1個
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S1

磁気モーメントの発生 
（Siに隣接しない銅原子）

原子置換による構造
の乱れではない！

主
共
鳴
線
強
度
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ー
ク
S1
強
度

ピ
ー
ク
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強
度
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Si

Ge→Si置換による磁気モーメント発生

Si Si

Si原子の近傍では磁気モーメントが誘起されない
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• 1/T1(S1)≪1/T1(M) 

Si近傍の銅原子は磁気的に不
活性（磁気揺らぎの抑制）

63Cu 核スピン格子緩和時間 T1
TSP (x=0)

1
T1T

∝∑
q

Im χ?(q,ωN)
ωN

⇠ Im χ?loc(ωN)
（局所動的磁化率＝磁気モーメント
の揺らぎの大きさ・速さ）

隣接Si原子なし

隣接Si原子1個

緩和時間T1：


　時間的揺らぎに関する
(動的)情報を与える
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63Cu NMR シフト（局所磁化率）

H//c

◎ Si近傍の銅原子は磁性を失ったまま

隣接Si原子なし 隣接Si原子1個

∝銅
原
子
の
磁
化
率
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実験事実
• Siに隣接する銅原子からの信号は観測可能 
• Siに隣接しない銅原子の多くが観測不能に 

Siに隣接する銅原子の 
1) 磁気揺らぎの抑制（緩和時間T1） 
2) 磁化率の減少（NMRシフト） 
Si近傍での磁性原子対形成の促進

Si近傍では磁気モーメントは誘起されない

34

議論

奇数鎖内部に磁気モーメントを発生

スピン・パイエルス転移の不純物効果 

× rigidな交替ボンド鎖を切断 
○ 切断されたunifrom鎖が変形(dimerize) 

　＝鎖端にsinglet対（強端）を形成

スピン・格子結合による格子変形の最適化

35

Si

鎖間弾性相互作用の影響

J1 J2

weak elastic coupling

強端を形成

×

×

×

×

×

×

×

× ×

×

×

×

→ dimerizationの位相のずれ　 
→ SP長距離秩序を破壊
（CuGe1-xSixO3：約1%の置換でSP秩序が消失）
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Si

鎖間弾性相互作用の影響

J1 J2

strong elastic coupling

強い鎖間相互作用 → 鎖端モーメントの形成×

37

結論
CuGeO3のスピン・パイエルス転移に対する 

原子置換効果（不純物誘起磁性） 

置換原子近傍には磁気モーメントは誘起されない
スピン・格子結合による格子変形の最適化 

鎖端に磁性原子対を形成 

奇数鎖内部に磁気モーメントが発生

Si

磁性原子対 
（鎖端singlet）

（スピンソリトン）
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Ⅳ. 核磁気共鳴による固体物理学研究

1. 核磁気共鳴の原理

2. 核磁気共鳴装置

3. 固体物理学研究への利用

4. 医療への応用：MRIの原理

39

画像診断(MRI)への応用
磁気共鳴画像診断

(MRI)

基礎原理：
P. C. Lauterbur, P. Mansfield
2003年ノーベル医学生理学賞

人体中の水素 (1H) 原子核のNMRによ
るエネルギー吸収を利用

NMR Imaging → “MRI”

部位や病変により吸収強度が変化 → 
画像の濃淡として表す

濃い部分は水分が多く，吸収が弱い

40

MRI装置の例

円筒の中心部に磁場を発
生、検体（人間）を入れ
る。

円筒外周部に液体ヘリウ
ムを保持する。（超伝導
を利用）定期的に補充が
必要。
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画像化の原理(1)

傾斜磁場を利用し，共鳴周波数を位置情報に変換

上面

側面

試料A (円筒状)

上面

側面

試料B (角状)

直径と一辺の長さは同じとする
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画像化の原理(2)
一様磁場では，スペクトルに形状による差異は現れない

磁場強度

位置 x

周波数 ω

信号強度

B0

γB0

x1 x2

試料A, 一様磁場

磁場強度

位置 x

周波数 ω

信号強度

B0

γB0

x1 x2

試料B, 一様磁場

体積が大きい方が
強度が大きい
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x1 x2

B1
B2

磁場強度

x1 x2

B1
B2

磁場強度

画像化の原理(3)
傾斜磁場では，位置情報が周波数に変換され，

形状による差異がスペクトルに現れる

γB1 γB2

位置 x

周波数 ω

信号強度

試料A, 傾斜磁場

位置 x

周波数 ω

信号強度

試料B, 傾斜磁場

γB1 γB2

44

画像化の原理(4)
歪な物体では，傾斜磁場に対する向きが

スペクトルの差異として現れる

x3 x4

B3

B4
磁場強度

位置 x

周波数 ω

信号強度

試料B, 傾斜磁場 (45°回転)

γB3 γB4

x1 x2

B1
B2

磁場強度

位置 x

周波数 ω

信号強度

試料B, 傾斜磁場

γB1 γB2

x0

積分強度は
等しい
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画像化の原理(5)
傾斜磁場の方向を変えると，複数個置かれた試料
の配置を反映したスペクトルが得られる。

C

BA 傾斜磁場
の方向 C

BA 傾斜磁場
の方向

傾斜磁場方向の回転＝試料の回転
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画像化の原理(5)

傾斜磁場の方向を変えると，複数個置かれた試料
の配置を反映したスペクトルが得られる。

C

BA

パターンA

C
B

A

パターンB
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パターンA：傾斜磁場方向を45°おきに回転

C

B A

C

B

A

C B
A

C

BA

C

B

A

ω

I(ω)

『重みつき影絵』
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パターンB：傾斜磁場方向を45°おきに回転

C
B

A

C B A

C
B

A

C

B

A

C
B

A

ω

I(ω)
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パターンA：

パターンB：

C
B

A

C B A
C

B
A

C
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C
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A

ω

I(ω)
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核磁気共鳴による固体物理学研究

他の実験手段とは一線を画した情報
1. 原子ごとに測定
分解能＝原子サイズ(10-10 m)

2. 電子の運動に関するミクロな情報
電子の運動の範囲、運動の方向、結合状態等
←原子・電子間に働く力の起源

物質の「個性」と原子配列・電子の運動状態との関
係を知ることのできる強力な実験手段
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