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We report results of a comprehensive study of the magnetic properties in crystalline and 
amorphous CuGeO, which we synthetized. We use the Monte Carlo method to interpret 
experimental data. We determine the magnetic structure of crystalline CuGeO, for T <  TN in the 
framework of the model used. We estimate the magnitudes of the exchange integrals and show 
that the magnetic properties of the crystalline and amorphous material differ sharply. 

1. INTRODUCTION 

A study of the effect of amorphization on the magnetic 
properties of a crystal is specially useful when comparisons 
between the magnetic properties of the amorphous and crys- 
talline states of a given material are possible. It has been 
predicted that the amorphization of magnetic materials with 
an anisotropic distribution of exchange interactions can 
change the type of magnetic order and alter the values of the 
temperature of the magnetic phase transition considerably; 
in particular, the transition temperature can increase.'-, A 
search for crystals which exhibit these properties and which 
go into the amorphous state upon rapid quenching from the 
melt has followed these predictions. 

Up to now, several amorphous compounds which fol- 
low the theoretical predictions have been ~ b t a i n e d . ~ - ~  For 
further studies of amorphization effects in magnetic materi- 
als, we chose the AGeO, (A = Co, Mn, Fe) class of com- 
pounds with a pyroxene structure and antiferromagnetic or- 
der. It has been shown that these compounds can be easily 
obtained in the amorphous state and that they are spin 
glasses.' 

In the present work, we study structure, resonance and 
magnetic properties of crystalline and amorphous CuGeO,. 

2. SAMPLE PREPARATION 

Polycrystalline CuGeO, samples were synthesized by a 
ceramic technology. The growth process was repeated three 
times. Single crystals were grown from the melt of a mixture 
of GeO, and CuO with a 1:1.2 ratio, respectively. The melt, 
placed in a platinum crucible, was cooled slowly from 
1200 "C. The crystals obtained were transparent and blue in 
color. The largest dimensions of the prisms were 5 x 3 X 3 
mm3. The crystals cleave easily along layers in the bc plane. 

The amorphous material was obtained using a catapult 
f ~ r n a c e . ~  Polycrystalline samples were melted. The rate of 
quenching was lo6 deg/sec. Shining bent black plates with 
typical dimensions of 30X 10XO.l mm3 were obtained by 
the amorphization process. All samples were checked by x- 
ray analysis. 

Nonequilibrium is the distinguishing feature of the 
amorphous state. It is clearly seen in amorphous CuGeO, by 
differential thermal analysis (DTA). Figure 1 shows ther- 
mograms for amorphous and crystalline samples. The ex- 
othermal peak observed at 637 "C on curve 1 is typical of 
crystallization of amorphous states. The DTA data for crys- 
talline CuGeO, (curve 3 )  as well as the thermogram of 
amorphous CuGeO, (curve 2)  do not reveal thermal anom- 

alies in the temperature range from 550 to 800 "C. It is inter- 
esting to note that black amorphous samples turn out green 
in color after crystallization at 637 "C. 

X-ray patterns of the quenched CuGeO, melt obtained 
with a DRON-2 apparatus (CuK, radiation) reveal diffuse 
scattering which therefore confirms that the material is in- 
deed amorphous. Electrical measurements performed at 
temperatures of 4.2 K to 300 K show that amorphous 
CuGeO, is insulating with a resistivity P~~~ - 10'' R.cm. 

3. CRYSTAL STRUCTURE 

Polycrystalline and single crystal CuGeO, samples 
were studied by x-rays (CuK, radiation and Laue method, 
respectively). The crystal symmetry and parameters of the 
unit cell determined are in agreement with the data of Ref. 8. 
According to the data of Ref. 8, CuGeO, belongs to the polar 
space group Pb2,, (C ,%, )  with primitive cell parameters 
a = 4.793 A, b = 8.503 A, and c = 2.942 A. There are two 
formula units in the primitive cell. Simple GeO, chains, with 
a repeating period of one tetrahedron along the c axis (Fig. 
2), are typical of this compound. Cu atoms lie on octahedral 
sites between tetrahedral chains. The octahedra are also con- 
nected in chains sharing edges along the c axis and vertices - - - 
along the b axis. Therefore, two-dimensional layers in cb 
planes are made up of octahedra. Below, we give (see Fig. 2) 
interatomic distances r (in units of A)  and angles q, (in units 
of deg) for different orientations of the CuGeO, crystal: 

FIG. 1 .  Thermograms of amorphous and crystalline CuGeO,: l-amor- 
phous sample heated at a rate of 4.5 deg/min; 2-amorphous sample 
cooled after heating to 950 "C; 3-crystalline sample heated at a rate of 4.5 
deg/min. 
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FIG. 4. Susceptibility of the CuGeO, crystal for three crystallographic 
axes. Curves 1,2, and 3 correspond to the susceptibility along the a, b, and 
c crystal axes, respectively; curve 4 is calculated by the Monte Carlo meth- 
od. The temperature of maximum of susceptibility, T,, , and the tempera- 
ture T,, , where the susceptibility departs from the Curie-Weiss law, are 

FIG. 2. Crystal structure of CuGeO, (not all Ge atoms are shown in part Shown by 

a ) .  

4. MAGNETIC PROPERTIES 

The octahedra and tetrahedra are strongly distorted. 
For example, some 0-0 distances in the tetrahedra are of 
2.60 A, whereas their average value is 2.97 A. Another 
anomaly of the CuGeO, structure is the unusually small dis- 
tance (2.48 A )  between oxygen 0, and 0, atoms in adjacent 
chains. We note that the ionic radius of 02- is equal to 1.36 
A.9 Such short oxygen-oxygen distances are not observed in 
other AGeO, (A  = Mn, Co, Fe) type compounds. Further- 
more, in contrast with these compounds the GeO, chains in 
CuGeO, are strongly elongated and the Cu atoms lie on crys- 
tallographically equivalent sites. Using the atomic positions 
given in Ref. 8, it is easy to check (see Fig. 2) that the ar- 
rangement of atomic centers of mass is symmetric. The in- 
version centers coincide with the Cu atomic sites. This, in 
our opinion, contradicts the conclusions of Ref. 8 on the 
polar character of CuGeO,. 

Measurements of the temperature variation of lattice 
constants do not reveal any structural phase transitions be- 
tween 300 K and 1000 K. Electrical measurements for tem- 
peratures of 4.2 K-630 K show that CuGeO, is insulating 
and that p,,,, - 1013 fL.cm. 

FIG. 3. Magnetization of the CuGeO, crystal for three crystallographic 
axes at different temperatures: a-T= 8 K; b-T= 2 K; c-T= 4 K. 
Curves 1,2, and 3 correspond to the magnetic field parallel to the a, b, and 
c crystal axes, respectively; curve 4 is calculated by the Monte Carlo meth- 
od for temperatures above and below the Neel temperature ( T ,  = 7 K) .  
The dashed curve in part c shows the spontaneous magnetic moment M 
along the b crystal axis. 

An automated vibrating magnetometer was used to 
measure the static magnetic properties of a CuGeO, crystal 
in fields of up to 80 kOe at temperatures of 2 K-300 K. 
Figure 3 shows results of magnetization measurements 
along three crystallographic axes. At low temperatures, a 
spontaneous magnetic moment M is observed. Its magni- 
tude decreases as the temperature increases. The spontane- 
ous magnetic moment M is oriented along the b crystal axis. 
For T <  8 K, the field dependence of the magnetization is 
nonlinear. 

We have to note that the neutron diffraction patterns 
( foril = 1.71 and2 = 2.41 A)  obtained for CuGeO, pow- 
der at T = 4.2 K and T = 293 K are identical. Therefore, our 
attempt to observe changes in the type of magnetic structure 
was unsuccessful. However, hysteresis loops were observed 
in the CuGeO, powder at T = 4 K. 

The magnetic susceptibility of polycrystalline and 
amorphous samples was measured using a SQUID magne- 
tometer in fields of 1.2 Oe at temperatures of 2 K-80 K. For 
single-crystal samples we used magnetization data obtained 
on the vibrating magnetometer. The experimental results for 
single crystals are exhibited in Fig. 4. The susceptibility is 
anisotropic up to room temperature. A minimum and subse- 
quent sharp rise of the susceptibility for T <  7 K is related to 
the appearance of a spontaneous magnetic moment and de- 
termines the NCel temperature. 

Since the range of temperatures in which the inverse 

FIG. 5. Dependence of the inverse susceptibility on temperature for crys- 
talline CuGeO,. Curve notation is the same as in Fig. 4. Curve 4 shows the 
dependence of the inverse susceptibility on temperature for amorphous 
CuGeO,. 
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susceptibility is linear is small (see Fig. 5), there is a large 
error in the determination of the paramagnetic NCel tem- 
perature 0. We obtained 0, = ( - 250 + 15) K, 
0, = ( -  180+20)K,0 ,  = ( -  180+70)KforOalong 
the b, a, and c axis, respectively. The effective magnetic mo- 
ment, p,@, and the paramagnetic NCel temperature, 0 ,  ob- 
tained from the temperature dependence of the susceptibil- 
ity in polycrystalline CuGeO, are 2.19 p, and - 200 K, 
respectively. Measurements for amorphous CuGeO, show 
that the susceptibility is paramagnetic in the temperature 
range of 2 K-80 K. We obtained 0 = - 1.3 K, 
C = 3.09. cm3.K/g ( C  is the Curie constant) and 
p,, = 0 . 7 , ~ ~ .  Therefore, the amorphization process leads to 
drastic changes in the magnetic properties of crystalline sys- 
tems. 

5. RESONANCE PROPERTIES 

Resonance measurements were carried out using a 
RE-1307 EPR spectrometer at a frequency of 9.4 GHz for 
temperatures of 4 K-300 K. The variations of the line width, 
AH, and of the resonant field, H R ,  with temperature and 
sample orientation were studied using electron paramagnet- 
ic resonance. Figure 6 shows the temperature dependence of 
AH for magnetic fields along the a, b, and c crystallographic 
axes. The AH(T) dependence is linear in the 30 K-300 K 
range. The temperature variation of the resonant field HR is 
shown in Fig. 7. HR depends weakly on temperature along 
all crystal axes. Theg-factor for HIla, Hllb, and Hllc is equal 
to 2.19,2.266, and 2.083, respectively, at room temperature. 
Figure 8 shows the angular dependence of AH at room tem- 
perature. The amorphization process leads to significant 
changes in the resonance properties of CuGeO, (see Fig. 6).  
At room temperature, the line width, AH, becomes three 
times smaller than the line width in the crystalline sample. 
The temperature behavior of AH is qualitatively different: 
AH increases monotonically and slowly as the temperature 
decreases. The resonant field is independent of temperature 
in the 80 K-300 K range; it decreases below 80 K. 

6. DISCUSSION 

The results of magnetization measurements (Fig. 3) 
and EPR data (Fig. 6) show that magnetic long-range order 
exists in the CuGeO, system below 7 K. Anisotropy of the 
magnetic properties (susceptibility) persists for T >  T, = 7 
K. Analysis of the crystal structure and of the angles at 
which the Cu-0-Cu exchange interaction takes place (see 
above) indicates that the CuGeO, magnetic system is on a 
plane. The magnetic layers lie in the bc plane. 

Quantitative analysis of the exchange interactions by 

AH, Oe 

FIG. 6. Variation of the EPR line width with temperature for crystalline 
and amorphous CuGeO,: 1-H/la; 2-Hllb; 3-Hllc; 4--amorphous 
sample. 

FIG. 7. Variation of the resonance EPR field with temperature. Curve 
notation is the same as in Fig. 6. 

the Gudenaf s method allows us to assign the signs and rela- 
tive magnitudes of the exchange interactions in the crystal. 
The exchange interaction along the c axis fulfills J, >0, 
whereas the exchange interaction along the b axis obeys 
Jo < 0 and IJoI > I J, I .  The different values obtained for the 
paramagnetic NCel temperature for three crystallographic 
orientations (see Fig. 5)  indicate that the exchange interac- 
tion is anisotropic in the sysem studied. To interpret the sus- 
ceptibility measurements, we use the Monte Carlo method. 
We simulate the magnetic state of a Heisenberg system with 
classical spins on a 40 x 40 spin lattice on a plane. We also 
take into account next-nearest-neighbor interactions in the 
bc plane: J2 > 0 and I Jo I > I Jl I > I J, I. The system Hamilto- 
nian is 

where Si are the spins of Cu2+ ions. 
The resulting variation of the magnetization M ( H )  

with field and variation of the susceptibility x ( T )  with tem- 
perature are shown in Figs. 3 and 4, respectively. They fol- 
low qualitatively the experimental behavior of M(H)  and of 
X (  T). An important result of our model is the existence of a 
weak spontaneous magnetic moment. It appears when a fer- 
romagnetic bond J2 = 0.5JI, which is frustrated for Jo < 0 
and J, > 0, is introduced into Hamiltonian ( 1 ). Figure 9 ex- 
hibits variations of the spontaneous moment M(T)  and of 
the NCel temperature TN (H) calculated by the Monte Carlo 
method. 

Comparison of calculated and experimental results 
shows qualitative agreement. It is interesting to note that the 
calculated spontaneous moment, shown in Fig. 9a, vanishes 
as T-0. Therefore, the spontaneous magnetic moment M is 
induced by finite temperature. The physics of this phenome- 
non can be understood by considering the thermal oscilla- 
tions of spins. At T = 0 the magnetic structure is collinear. 

FIG. 8. Angular dependence of the EPR line width of the CuGeO, crystal. 
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FIG. 9. Variation of the spontaneous magnetic moment, M, with tempera- 
ture (a)  and of the Nee1 temperature with applied magnetic field (b).  
Points show experimental data; the dashed curve is calculated by the 
Monte Carlo method for J,"/J; = 0.8 and Jl/J; = 0.3 (see text). 

Our numerical calculations show that, upon introduction of 
a ferromagnetic bond J, = 0.5JI > 0 into the Hamiltonian 
( 1 ), spins with frustrated Jl bonds appear randomly in the 
system in such a way that there is no long-range magnetic 
order at T =  0. For T #O, thermal spin oscillations are 
asymmetric. Furthermore, the average thermal value of 
transverse spin components becomes nonzero during the ob- 
servation time, (S :) # 0. 

One can use the susceptibility data (Fig. 4) to estimate 
the exchange-integral values of J, and of J,. The temperature 
Tcw where the susceptibility departs from the Curie-Weiss 
law and the temperature T,, corresponding to the suscepti- 
bility maximum characterize these data. We calculate how 
these parameters vary with J,/J, (see Fig. 10). Using the 
experimental curves of Fig. 4 and the calculated curve 
shown in Fig. 10a, it is possible to determine the value of Jl/ 
Jo. Furthermore, using the dependence shown in Fig. lob we 
find the values of J, and J, .  The values thus obtained from 
the susceptibility data along the b axis are: J, = - 430 K, 
J, = 64 K, and J, = 32 K. A more precise determination of 
the exchange integrals requires susceptibility measurements 
for T >  300 K, since, as already mentioned, the region of 
temperature where X- ' ( T) is linear is very small (it is not 
observed at all for Hllc orientations) and there is therefore a 
large error in the determined values of T,, and of the para- 
magnetic NCel temperatures. 

We now discuss the results of resonance measurements. 
As shown in Fig. 6, the EPR line width varies (linearly 
strongly with temperature in the 30 K-300 K range. This 
implies a strong coupling between the magnetic system and 
thermal lattice vibrations. One of the possible mechanisms 
behind such behavior may be phonon modulation of the an- 
isotropic exchange interaction." Since the values of the 
paramagnetic NCel temperatures show large variations 
(A@-70 K) as the orientation of the magnetic field 
changes, we can assume that the anisotropy contribution to 
the line width is large. Calculated values of AH( T), includ- 
ing the asymmetric Dzyaloshinskii-Moriya interaction 
D[SiSj 1, where D is the Dzyaloshinskii-Moriya constant," 
exhibit similar behavior. The absence of inversion centers 
between Cu2' ions placed along the CuGeO, crystal b axis 
(see Fig. 2b) favors this me~hanism.'~ Analysis of the angu- 
lar dependence of the line width AH($) (see Fig. 8) allows 

FIG. 10. Variation of T,, /T,,, and of T , ,  /J,,S2 with Jl/Jo, calculated 
by the Monte Carlo method. 

us to conclude that phonon modulation of anisotropic ex- 
change interaction is the main mechanism behind the tem- 
perature variation of the EPR line width. 

It is also interesting to discuss the sharp change in mag- 
netic and resonance properties of CuGeO, brought about by 
the amorphization process. The variations of the line width 
and of the resonant field with temperature change consider- 
ably. The small value of the paramagnetic temperature 
(0 = - 1.3 K )  for amorphous CuGeO, indicates a sharp 
drop of exchange interactions in the magnetic system stud- 
ied. The CuGeO, crystal structure differs from that of other 
members of the AGeO, (A = Fe, Co, Mn) pyroxene family 
for which a spin glass state is found after the amorphization 
process.7 Unlike these other compounds, amorphous 
CuGeO, is paramagnetic down to 2 K, as shown by the sus- 
ceptibility and EPR data. However, the observed resonance 
field dependence is typical of spin glasses, which leads us to 
believe that there is such a spin glass phase in amorphous 
CuGeO, but below a transition temperature of less than 2 K. 
Further studies, based on crystallographic data and proper- 
ties of copper ions, of the differences in magnetic properties 
between amorphous AGeO, (A = Fe, Co, Mn) compounds 
and amorphous CuGeO, seem useful. 
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