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Abstract. This paper presents measurements of the angular variation of the position and width
of ESR lines in three mutually perpendicular planes of a single crystal of CgGeGhe
temperature range 12-200 K at two widely differing microwave frequencies. The analysis
is carried out in terms of the anisotropic exchange and anisotropic Zeeman interaction. The
variations of the anisotropy of the linewidth can be attributed to a temperature dependence of
the orientation and the principal values of the exchange tensor.

1. Introduction

CuGeQ is a quasi-one-dimensional sp$h= 1/2 Heisenberg antiferromagngt/{/kz| ~
90 K [1], J» = J./10 [2]), which shows at low temperatureEsp = 14 K) a spin—Peierls
phase transition [3]. Induced by spin—phonon coupling, dimerization of the uniform spin
chains takes place belo¥p, so the non-magneti€ = 0 ground state becomes separated by
an energy gap from an excitetd= 1 triplet state. In the low-temperature range, a magnetic
phase transition takes place at ab8ut~ 12 T from the non-magnetic to a magnetic spin—
Peierls phase. So far the spin—Peierls transition has only been found in organic systems
[4], and since CuGe®is the first inorganic compound found to undergo such a transition,
it has been studied carefully by many experimental techniques (neutron scattering [2, 5],
Raman scattering [6, 7], specific heat [8], magnetization [1, 9]). The subject of this paper
is an ESR study of CuGeQ

ESR measurements allow a sensitive investigation of both the static and the dynamic
properties of the Cit spins. Oseroffet al [10] determined for the first time the energy
gap in the dimerized spin—Peierls phase by ESR, and observed a large increase of the
linewidth with increasing temperature. This was attributed to a diffusive behaviour of the
spin-correlation functions, and interpreted as an indication of the excellent one-dimensional
properties of CuGe® These results were confirmed by Horetal [13], who revealed, by a
study of the anisotropy of the linewidth, that the line broadening is caused by the symmetric
part of the anisotropic exchange interaction. Recently, these results were contradicted by
Yamadaet al [12]. They studied the ESR line up #®© = 800 K and found that there are no
indications for spin diffusion, and that both the temperature dependence and the anisotropy
of the linewidth are probably caused by the antisymmetric Dzyaloshinski-Moriya exchange
interaction. All of these studies were carried out at relatively low frequencigs35 GHz).
ESR measurements at larger frequencies were used to probe directly the energy gap of the
spin—Peierls phase [11], and the spin dynamics of the non-magnetic and magnetic spin—
Peierls phase [14, 15].
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Since it is important for the interpretation of ESR results to know which types of
anisotropic interaction contribute to the broadening of the linewidth, measurements of the
anisotropy of the ESR linewidth were carried out at low (9.5 GHz) and high frequency
(245 GHz) at temperatures ranging betwé@es- 12 K and 200 K. The experimental results
allow an accurate characterization of the anisotropic interactions.

Figure 1. A view of the crystallographic unit cell of CuGeQlong thec-axis. The orientation
of the g-tensor (central Git ion) and the principal axes of the exchange tenﬁﬁ’ﬁ (upper
CW?* ion) are indicated by ellipsoids.

2. Experimental details and results

ESR measurements of various sampkeg & 3 x 0.5 mn?) were carried out at 9.5 GHz

with a Bruker ESP300E spectrometer and at 245 GHz with the high-magnetic-field ESR
equipment of the Grenoble High Magnetic Field Laboratory [16] in the temperature range
12-200 K. A transmission configuration (Faraday configuration) was used at 245 GHz, and
three samplesa5 x 3 x 0.5 mn?) were cut from one larger crystal, in such a way that
measurements of the angular dependence of the ESR signal could be carried out in the
three principal planesab, bc, andca) of the orthorhombic crystal structure of CuGeO

A view of the crystallographic unit cell along thedirection is given in figure 1. With
regard to the interpretation of the ESR results, it is important to note that there are two
magnetically inequivalent Cti sites. There are two kinds of strongly exchange-coupled
copper chains running along thedirection [17]. The ESR line shapes observed at 9.5 GHz
are Lorentzian. At 245 GHz the resonance lines are distorted in many cases by reflections
of the microwaves in the transmission line as well as by a mixing of the absorption and
dispersion signal. These effects are hard to control, and change from one experiment to
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Figure 2. The angular variation of thg-factor in the crystallographieb-, bc-, andca-planes of
CuGeQ at 20 K. The solid line shows the fit with the principglvalues given in the text. The
broken lines indicate the variation of tigefactor of the two magnetically inequivalent chains.
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Figure 3. The anisotropy of the ESR linewidth at 9.5 GHz. Dots: experimental results; solid
lines: the calculated anisotropy of the ESR linewidth (for details, see the text).

another in an unpredictable manner. Therefore the width of the resonance is sometimes not
well defined. The errors due to theses effects are about 10%Bgf>.

The experimental results are shown in figures 2, 3, and 4. Figure 2 shows the angular
variation of theg-factor at 20 K. In agreement with earlier measurements gtfector is
nearly temperature independent. Figures 3 and 4 show the anisotropy of the linewidth for



3782 B Pilawa

T=12K,30K T=100K

| AL LN EELARLAN | LI S S e S B | AL LA t

A
50 100F 4k = .
A 100K
® 30K
40r-  80F - 1T = 12K

20r  40- 1t -
ﬂ /
L u
10+ 20 1F - ./y/;—L——

L STWTTE WOV SNV O | | P SN WO | | ESTURTO AT TN N |

0° 30° 60° 90° 0° 30° 60° 90° 0° 30° 60° 90°
a <(Bya) b b <«B,b) c ¢ <(B,) a

Figure 4. The anisotropy of the ESR linewidth at 245 GHz. Dots: experimental results; solid
lines: the calculated anisotropy of the ESR linewidth (for details, see the text).

9.5 GHz and 245 GHz, respectively. At 9.5 GHz the size of the linewidth decreases from
large values at high temperatureSK;» > 100 mT) down toABy,» ~ 6 mT at 30 K,
without any significant change of the anisotropy &B;,,. However, belowI ~ 30 K

very characteristic changes of the anisotropyAd;,» are observed. The minimum of the
linewidth shifts from the crystallographic-direction to thea-direction, and an additional
peak develops just above the spin—Peierls phase transition ba{blane. A large maximum

of the linewidth is found in thezb-plane for measurements at 245 GHz. As for the
measurements at 9.5 GHz, a small peak develops at low temperatureshisrfitene.

3. Discussion of the experimental results
The linewidth of the Lorentzian-shaped ESR absorptions is given by the integral

A 00
ABl/z = —Re/ dr W (1). (1)
8B 0

of the relaxation function

1 ([Ha(x), $7118~, Aal)
T2 (5+5-)
where theS* denote transverse components of the total spin and of the exchange-coupled
spins,{ ) denotes the thermal average, aHg denotes the Hamiltonian of the anisotropic

spin—spin coupling [18—20]. In order to estimate the contributions of the various anisotropic
interactions, the integral can be approximated by

W (T)

)

h
AByp~ —— W (0), ®)
SUB

with the second momenirs" = w(0), and the correlation time. ~ (|J|/k)~*. When the
second moments are simply estimated as the squares of the parameters of the corresponding
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spin-Hamiltonian parameters, the ESR linewidth due to the hyperfine interaction of the
electron with the nuclear spin of the copper ions is in the raf@e/,» ~ (A?%/veh|J.| ~

5uT, with A, = gcuBcux43.6 Tandy, = gup/h = 1.76x 10" rad s* T-L. The linewidth

due to the magnetic dipole—dipole interactionAs3;, ~ (wa)?/ve(|J.|/R) ~ 0.1 mT,

with w; = (o/4m)hy?/c® and ¢ = 2.941 A. The comparison with the experimental
results shows that these two contributions are of minor importance. The most important
contributions to the ESR linewidth can be expected for the anisotropic exchange interaction
Hug:

with A, ~ (Ag/2)?|J.| [22] andAg/g ~ 0.174, and for the anisotropic Zeeman interaction
Hyz:

1 (gupBo)® [ Ag
AByp~ ————

2
— — ] ~35mT
Ye |-,c|h )

8
in strong magnetic fieldéBy ~ 8.7 T).

N

Figure 5. Crystallographica-, b-, c- and laboratorye,-, e,-, e.-coordinates used for the
mathematical description of the ESR. TBeg-field is applied parallel to the-direction.

In the following, the analysis of the anisotropy of the linewidth will be discussed in
terms of the anisotropic exchange and Zeeman interaction.

3.1. The anisotropic exchange interaction

The analysis of the ESR measurements at 9.5 GHz is carried out in terms of the symmetric
part of the anisotropic exchange interactidgfyz. Like the magnetic dipole—dipole
interaction, the Hamiltonian of the anisotropic exchange interaction is given by the sum

2
Hap = Z Gu (4)
=-2
with
A e
Go =), Aolij)(355] — 3 - 3))
i#j
A 3 .o\ At Az At Az
Gt = Z—ZAil(z])(si 8+ 878
i#]
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and

Gio=) —gAiz(ij)ffff
i#]
The A, (+ = 0,+£1, £2) denote the geometrical parameters of the anisotropic exchange,
ands; the individual spins. The coordinates y, z refer to a coordinate system in which
the z-direction is defined by the direction of the applied magnetic fBld(compare figure
5). When only nearest-neighbour interactions are considered, equations (1) and (4) lead to
(mathematical details are given in the appendix)

1 9
AByjp = ?ﬁRe(lelzfo + 14112 f1 + A2l fo). (5)

e

fo, f1, and f, denote spectral densities, which at least at high temperature are in the ratio
1:10:1. In order to fit the experimental data, the spectral densities are used as parameters.
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Figure 6. Curves 1, 2 and 3 show the angular variation of the geometrical faptays. |2,
|A2/A;|% and 10A1/A.|? of the symmetric part of the anisotropic exchange. Curve 4 shows
(JAol? + 10/A1|2 + |A2]?)/(A.)2. The curves are calculated fer= —1/2, and/(a., a) = 56°.

Table 1. Parameters for fitting the anisotropy of the linewidth at 9.5 GHz.denotes the
orthorhombic distortion of the exchange tensdta,, a) the angle between the;-axis and

the crystallographie-direction (see figure 1)ABy = (1/y.)(34./2h)? fy is used as a scaling
parameter fo: f1: f2 is the ratio of the spin-correlation functions of table 3 (see later).

TIK || /(a;,a)  ABo/mT fofiifa
200 Q554+0.01 (50+1)° 124+ 2 1:10:1
100 Q57+ 0.01 (48+1)° 60+1 1:10:1

30 061+002 (48+1)° 79+01 1:101
17 077+£0.03 (60+1)° 40+£02 1:(11+0.3):1
12 083+0.02 (71+3)° 108+0.2 1:10:1
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The geometrical factoris, |? can be calculated from the principal values of the exchange
tensorA, = a¢A; andA, = —(1+ o)A, and the orientation of its principal axis within the
unit cell. Due to the crystallographic symmetry, one of the principal axes should be parallel
to the c-direction. In order to fit the experimental data, the orthorhombic distorti@md
the angle of the-axis to thea-direction of the exchange tensor (compare figure 1) are used
as fitting parameters. The solid lines of figure 3 are calculated with the parameters given
in table 1.

Figure 6 shows the angular variation of th&|?, when the magnetic field is applied
in the crystallographieb-, be-, andca-planes. The three contributionsdo|?, |A1]?, and
|As|?, can be clearly distinguished by their angular variations, so deviationg:df: >
from the ratio 1:10:1 should lead to characteristic changes in the anisotropy of the ESR
linewidth. Nearly all of the measurements carried out at 9.5 GHz give no indication that
this ratio should be changed. Only the measurements just above the spin—Peierls phase
transition demand a slight increase fif due to the additional peak observed in the
plane. Although nearly no temperature dependence in the ratio of the spectral densities could
be detected, the anisotropy &fBy,, reveals a temperature dependence of the orientation
and the size of the orthorhombic distortion of the exchange tensor (compare table 1). In
agreement with previous findings [21], this anisotropy is very small at high temperatures, but
it becomes considerable just above and below the spin—Peierls transition. The temperature
dependence of the exchange tensor may be caused by the temperature dependence of the
lattice parameters.

3.2. The anisotropic Zeeman interaction

The anisotropic Zeeman interaction becomes important for the analysis of ESR
measurements on CuGg@ high magnetic fields, due to the anisotrogi¢ensor of the
Cu** ions. Figure 1 shows the difference in the orientation ofg¢Hensors of neighbouring
CU?* ions along the-direction. Therefore two resonance signals at quite different magnetic
fields By should be observed when the field is applied in dfdeplane. However, due to

the strong exchange couplinf along theb-direction only one resonance can be observed.
Therefore it can be expected that the linewidth should increase with increasing magnetic
field strength, due to the increasing ratio between the diﬁeré‘é]ée Béz) of the resonance
fields of the two kinds of spin antl/,|. This is the reason for the additional peak in the
anisotropy of the linewidth in theb-plane observed for the measurement at 245 GHz
(compare figure 4).

The additional contribution of this Zeeman broadening of the linewidth can be calculated
in the framework of the theory of exchange narrowing and averaging. The calculation carried
out in the appendix (equations (A9)—(A19)) gives the following expression (compare also
[23]):

2
ABy = yl(‘jﬁzj) \/zRe<|Agu|2+ g+ Agey exp[—é(ﬁwo/mz}). (6)
It turns out that the linewidth is proportional to the square of the resonanceHjgldnd
the squares of the difference between ghéensors of the two kinds of spifdg., =
5N — @), u=x.y.z.

The localg-tensors of the Ci ions are well defined by the anisotropy of thdactor
shown in figure 2. The crystallographic symmetry of the nearest neighbourhood ofthe Cu
ions is nearly tetragonal, so the ground state of thé"Qans is a d-_,2 orbital, which

is characterized by an axigttensor, with a large value qf perpendicular to the plane
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of the neighbouring oxygen atoms and a smaller valug ofn the plane (figure 1). The
orientation and the principal values of tlgetensors can be determined from the angular
variation of the resonance field strengkb via

@)

with g = /g2, +§§y + 2. The comparison between the experimental results at 20 K
and equation (7) is shown in figure 2. The solid line is calculated with the pringipal
factors g, = 2.3484+ 0.005 andg, = 2.063+ 0.005. The principal axis of thg-tensor

is perpendicular to the-direction. The angles with respect to thelirection are 56 and
124 for the two Cd™* sites, respectively.

wo = gugBo/lt

0-004 i N T 7 1 i ¥ i T ¥ i i T T ¥ ¥

Ve | (2)
~
\\‘ /

0.003( 4t 1+ .

0.002- 1r 1F .
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Figure 7. Curve 1: the angular variation dfAg../g|%; curve 2: the angular variation of
|A(gzx +1 Agzy) /812

The important result of equation (6) is that, within the approximations made in the
appendix, the contribution of the anisotropic Zeeman interaction to the ESR linewidth is
only determined by the inter-chain exchanfje ThereforeJ, is used as a parameter to fit
the experimental result.

Table 2. Parameters for fitting the anisotropy of the linewidth at 245 GHz. The notation is as

in table 1.

TIK e /(az,a) ABo/mT  folfaifz hao/| |

100 Q57+0.01 (48+1) 6444 1:10:1 28+0.3
30 077+£0.6 (70+7) 13+ 2 1:(134+2):1 165+0.1
20 077+ 0.6 (70 7) 105+1 1:(15+2):1 11401
12 077+£0.6 (70+7) 105+1 1:(17+2:1 05401

Figure 7 shows the angular variation pg../g|?> and |[(Ag.. +iAg.y)/gl? which
determines the anisotropy of the Zeeman contribution to the ESR linewidth. The anisotropy
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of the linewidth at 245 GHz is calculated including the combined contributions of the
anisotropic exchange and Zeeman interactions. The parameters used to calculate the solid
lines in figure 4 are given in table 2. With the raki@q/|.J,| = 2.8 used to adjust the Zeeman
contribution at7 = 100 K, the inter-chain exchange constant becoidgsks| ~ 4.2 K,

which is in reasonable agreement witli,| ~ |J./10] observed in neutron scattering
experiments [2]. At lower temperatures the decreasing faiis) | J,| shows the breakdown

of the Gaussian approximation for the spectral density. In contrast to the measurements at
9.5 GHz, the ratiofy: f1: f> for the anisotropic exchange changes continuously from 1:10:1

at high temperatures to 1:17:1 At= 12 K, which indicates the influence of the magnetic

field on the spectral densities of the spin-correlation functions.

4. Conclusion

The anisotropy of the ESR linewidth is measured at 9.5 and 245 GHz between 12 K and
200 K, and it is shown that a description of the observed anisotropy of the ESR linewidth
is possible in terms of the anisotropic exchange and Zeeman interaction.

The angular variation ofAB;» reveals an orthorhombic distortion of the exchange
tensor, which shows a characteristic temperature dependence. In agreement with previous
findings for the exchange tensor [22], this anisotropy is very small at high temperatures,
but it becomes considerable just above and below the spin—Peierls transition. The principal
axes of the exchange tensor are only roughly determined by the orientation gte¢hsor.

As for the anisotropy of the exchange tensor, the orientation of the principal axes depends
on temperature, especially in the range of the spin—Peierls transition. The temperature
dependence of the exchange tensor may be caused by the temperature dependence of the
lattice parameters.

The anisotropic Zeeman interaction becomes important for the analysis of ESR
measurements on CuGeGn high magnetic fields, due to the fact that there are two
magnetically different types of spin chain. The broadening of the ESR line by the Zeeman
interaction is narrowed only by the weak inter-chain exchasgand not by the strong
intra-chain exchangé., like for the anisotropic exchange. Therefore the broadening of the
ESR line by the anisotropic Zeeman interaction is at least a factor of 10 more effective than
the broadening by the anisotropic exchange.

An important consequence for ESR studies of Cugathigh magnetic fields is that
the linewidth contains information on the four spin-correlation functions related to the
anisotropic exchange and the two spin-correlation functions of the anisotropic Zeeman
interaction. By altering the direction of the applied magnetic field, it is possible to study
either the transvers@By||a or b), or the longitudinal components of the two spin-correlation
functions By Lc and /(Bg, a) = 45°). For Bg||c the Zeeman broadening is completely
suppressed.
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Appendix

Kubo showed that the width of exchange-narrowed Lorentzian resonance lines is given by
the integral [18, 19]

1 00
ABl/z = ?RE/ dr W (T) (Al)
e 0

of the relaxation function

1 ([Ha@), $71IS~, Aal)
h? (§+5-)

() = . (A2)

where () Qenotes the thermal average, thie are the transverse components of the total
spin, andH, is the anisotropic spin—spin interaction, which broadens the resonance. The
time development oH, is calculated in the interaction representation according to

where Hy is the sum of the isotropic Zeemaii£) and the exchangeft,) interactions.
Since H; commutes withH,,, the HamiltonianH,4 () can be rewritten as

Aa) = &M Gy (1) With Gy (1) = e et/ Gy dlet/h (A4)
M

With the abbreviatiorgy, = [Gy, ST], and sinceH,, commutes with the components of

the total spin, & (1), $*] becomesgy (t) = e fat/i[G,,, S+]ef=1/F | so the relaxation
function simplifies to

1 . AL A
V) = 53 (@n e ™) [(8757), (AS)
h M

In the following, the ESR linewidths according to equations (Al) and (A5) are calculated
for the anisotropic exchange and the anisotropic Zeeman interactions.

Table Al. The operatorg, of the symmetric anisotropic exchang® z and the anisotropic
Zeeman Hamiltoniarf 4z (for details, see the text).

M gy of Hap ém of Haz
3 s A
0 > SAcSS] uBBoY Y g..G -5
i#j 3 iel je2
+1 ZféAl(ij)ffﬁf 0
g
—1 Y —SAAGHGTS — 275 nusBo) Y (8ex +ige) G —5)
i#j iel je2
+2 0

3 o
-2 ;éAz(ij)Si §
i#]
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Al. The anisotropic exchange interaction

When only nearest-neighbour interactions are considered, the anisotropic exchange
Hamiltonian is given by

ﬁAE=% S OY A

i,j=i+tl pu,u=x,y,z

1 . 3
= Z 21Ao(e, 558 - Z 21A+(si+sf+sj+sf)+cc

i, j=itl i, j=itl
(A6)
3 ater
— Z — A48 sT +CC
8 P
i, j=i+l
+2 .
= Z Gy
M=-2
with
1 . 1 .
Ag = Azz Aip = _é(sz + |Ayz) Ay = _é(Axx - Ayy + 2|Axy)~ (A7)

The operatorg,, corresponding td ,p are given in table Al, and the linewidth becomes

19
AByjp = ?ﬁRe(lelzfo + |A112f1 + |A2)? fo) (A8)

with the spectral densitieg, of table A2. Equation (A8) is used for the analysis of the
experiment.

Table A2. The combination of the spin-correlation functioquf,(w) = f0°° dr eiw"ﬁ;’ksl(t)
with £25,() = (¢ (03] () Ggs))™) for Hap and £2, () = [5°dr & £2, (1) with £, (1) =

Qien fz{y(t)(Zjem §7)+> for I:IAZ'

[:IAE

fo= = Y £40

(ST87) i /Se1kizrer

1 _
hi= s Yo Sl o0) + fi @) + 41 (o)
i j=i+tlk,I=k+1l

f2 Y (2w

(S*87) S niorer

[:IAZ

1
=T 150 + 50 = f150) = £1(0)

fi= W (ffa(wo) + f32(w0) = fio(wo) — f31(w0))

A2. The anisotropic Zeeman interaction

In CuGeQ there are two kinds of Ct ion, which are distinguished by their different
orientations of the-tensor, and the Zeeman Hamiltonian is given by

Hz =psBo Y g > &' +usBo Y g2 > & (A9)

HU=X,Y,2 iel H=X,Y,2 ie2
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The sumsy;_, and), _, run over all spins of kind 1 and kind 2, respectively. The magnetic
field is applied along the-direction. Equation (A9) can be rearranged in the following way:

A S

U=X,Y,Z i€l2 U=X,Y,2 iel je2

(A10)

The first term on the right-hand side gives the usual Zeeman operator, which defines the
position of the resonance line. The second term contains the difference betwgetetisers

of site one and site twojg.,, = 3(g2) — ¢2), and determines the Zeeman contribution to
the anisotropy of the ESR IlneW|dth The operatgysof the anisotropic Zeeman interaction

Hyz =ppBo) Y g — 5§ + > uBBoZ D (g —ig)G -5 +cc (ALD)
iel je2 iel je2

are given in table A1. And the linewidth becomes, according to equation (A5),
1 .
ABiyj = ;wBBo)Z Re(AgZ fo+ |Age: +iAgey |2 f1). (A12)

The spectral densitieg are given in table A2.
It is useful for the interpretation of the experiment to carry out a simplified calculation
of the spin-correlation functions

fo, @) = <Z O 3;“>+>.
ien jem

The first approximation is to neglect all of the inter-spin correlati(SﬁSt)(§]‘.’)+) =0, i#
j. Therefore only the functiong® () and f3,(¢) contribute. In the following the calculation
of the correlation function

.
Fal) = <Z f;"(t)(z ) >
iel jel

is explicitly considered. The exchange Hamiltonian can be divided into parts, which act
only on spins of kind 1:H®?, on spins of kind 2:42?, or between the spins of kind 1

ex ! ex !

and kind 2: A*?. The motion ofy",_, §() is only caused by

A% =233 625, .5

iel je2

1y S — (22 ¢ =
|:He,\ ’ ;1} O |:Hex ’ } O
mel mel

mel mel je2

since
(A13)

Then for short times the following expansion holds:

flzl(t):<2§f(;)2§;> <ZAZZ§Z>— <[ 5%2)7252} |:Zs <1"“]>

iel jel iel jel iel iel
(A14)
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and, with equation (A13),
fia(0) ~ > (8557 Z J“Z)) STEGES). (A15)
iel €l j
With (§§7) = 3s(s +1) = 7 and (§7L§f) = %s(s +1) = J, one gets
. 1
Fia() = <N/2>4(1 - =2 2 Vi) )

je2
which may be extended to a Gaussian function:

[0~ (N/2)] exp( D JE0? ) (A16)
je2
For CuGeQ@, each spin of kind 1 has two neighbours of kind 2 coupledfia
1 t?

fis) ~ N2 exp(—W2<Jb>2). (A17)

With ($*8-) = 2Ns(s + 1) = 3N, the spectral densitief and f are
1 T 1 1 b1 1_
iy pa S 1 2 A18

Jo |Jb/h|\/; i 210/hV 8 exp< 8( wo/Jp) ) (A18)

so equation (A12) becomes
1 (upBo)?

AByjp = " Rel |Ag::? + | Agex +1Agyl 2 eXp _*(th/Jb) (A19)
Ye h|-’b| 8

which is used to analyse the contribution of the anisotropic Zeeman interaction to the ESR
linewidth.
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