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Electron paramagnetic resonance (EPR) data have been obtained in single crystals of Cu(L-
isoleucine),-H,0 at two microwave frequencies and at room temperature. This compound has four mag-
netically nonequivalent copper ions per unit cell, arranged in two symmetry-related types of layers, each
involving two nonequivalent copper ions. The results are discussed in terms of both the classical sto-
chastic Anderson theory of exchange narrowing and the Kubo-Tomita theory. The exchange coupling
(J or) between magnetically nonequivalent copper ions in adjacent layers is estimated as |Jor /k| =23(6)
mK and |J ,r/k|=25(6) mK, from the EPR line position and linewidth data, respectively. Using the re-
sults on the angular variation of the linewidth we also evaluate the exchange coupling (Jr) between mag-
netically nonequivalent neighbor copper ions within the same layer [|Jr/k|=140(3) mK]. Good agree-
ment with values obtained previously from magnetic susceptibility data is found for these coupling pa-
rameters. This work emphasizes the suitability and simplicity of the EPR technique, used in conjunction
with the Anderson and Kubo-Tomita theories, to evaluate small exchange interactions (|J /k | <200 mK)
between magnetically nonequivalent ions in paramagnets, even in cases when stronger interactions might

be present in the crystal.

I. INTRODUCTION

The magnetic properties of the copper compound of
the amino acid L-isoleucine, Cu(L-isoleucine),
-H,0 [CuC,,H,,N,0s], to be called Cu(L-ile),, have been
studied previously. Magnetic-susceptibility data at low
fields obtained over the temperature (7') range 0.01-4.2
K were reported by Newman, Imes, and Cowen.! They
found a well-defined peak, characteristic of a transition to
a three-dimensional magnetically ordered phase at
T.=117 mK. Data well above T, fit a Curie-Weiss law
with a ferromagnetic Curie temperature ©=0.24 K.
These authors! also reported ac-susceptibility data ob-
tained in single-crystal samples with applied static fields
up to 200 G in the T range between 0.01 and 0.3 K.
These values produced a B vs T magnetic phase diagram
with a triple point B1p~150 G and T1p~50 mK. Con-
sidering the structural data for Cu(L-ile), reported by
Weeks, Cooper, and Norton,? the susceptibility data were
fitted to a high-temperature expansion for a two-
dimensional square lattice,> and an intralayer ferromag-
netic Heisenberg exchange coupling parameter
Jr/k =120 mK between neighbor copper ions. The ob-
served magnetic phase diagram' was then assumed to be
described by an array of two spin sublattices in each lay-
er, coupled by ferromagnetic exchange interactions. The
three-dimensional ordering observed at 117 mK was at-
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tributed to a weaker antiferromagnetic coupling between
copper ions in neighbor layers. Using the value obtained
for the critical field (B, =140 G) and a mean-field model,
Newman, Imes, and Cowen! estimated J o /k = —20 mK
for the interlayer antiferromagnetic interaction between
copper ions. They have also proposed an additional an-
tisymmetric exchange coupling between neighbor copper
ions in the same layer, which produces a canting of the
spins in the different sublattices within a layer.

Wakamatsu et al.,* reported specific-heat measure-
ments in Cu(L-ile), from 0.05 to 0.4 K. A sharp peak at
120 mK, marking the phase transition, followed by a
smaller subsidiary narrower peak at 150 mK were ob-
served. These authors claim that their specific-heat data
should be interpreted in terms of a one-dimensional mod-
el instead of the layered model suggested by the crystal
structure. Such behavior may be due to differences in the
exchange interactions between neighbor coppers in the
same layer, giving rise to zigzag spin chains. It is similar
to that observed by us for Cu(L-alanine),,>® and for
Cu(L-but), and Cu(D,L-but), (Ref. 7) (but=a-aminobu-
tyric acid). However, this interpretation is uncertain in
the case of Cu(L-ile), because of the superposition of the
specific-heat peak arising from the phase transition with
the broad maximum attributed to the spin chain behavior
and because of the dispersion of the data.

X-band electron-paramagnetic-resonance (EPR) data in
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single crystals of Cu(L-ile), were reported by Newman,
Imes, and Cowen! and Calvo, Isern, and Mesa.® In Ref.
1, EPR measurements in the bc crystal plane at the K
band were also reported. Two EPR lines were observed
for the magnetic field in the bc crystal plane and only one
in the ab and ac planes. In Ref. 8 these characteristics
were rationalized in terms of the layered structure of the
magnetic ions, taking into account the additional collapse
of the lines due to conditions imposed by symmetry for
particular field orientations. The collapse of the two
EPR lines in the ab and ac planes, which was not expect-
ed from the lattice symmetry properties, was explained
by the presence of an intralayer (ferromagnetic) exchange
interaction Jy stronger than the difference between the
Zeeman energies. Using the linewidth data, this ex-
change coupling was estimated to be 170 mK < |J /k]|
<210 mK. The interlayer (antiferromagnetic) exchange
interaction J zg is too weak to collapse the two EPR lines
corresponding to magnetically nonequivalent adjacent
layers in the bc plane. The exchange coupling was es-
timated® to be |J 45 /k | <40 mK.

This paper reports improved X-band and Q-band mea-
surements at 7 =293 K in single crystals of Cu(L-ile),.
Also, a renewed analysis of the g tensor at both frequen-
cies has been performed. We evaluate the antiferromag-
netic interlayer coupling |J,r/k| with the classical
theory of Anderson and Weiss” '° for exchange narrowing
(and collapse) processes, from the analysis of the line po-
sitions in the bc crystal plane. In addition to that, we re-
port the determination of the interlayer |J AF /k| and in-
tralayer |Jp/k| exchange parameters from the angular
variation of the linewidth at 33 GHz, by using the Kubo-
Tomita (KT) approach.!! In this work all exchange pa-
rameters such as |J /k| will be given in kelvin (K).

II. CRYSTAL STRUCTURE OF Cu(L-ile),

The crystal structure of Cu(L-ile), reported by Weeks,
Cooper, and Norton? is orthorhombic, space group
P2,2,2;, with Z=4. The Ilattice parameters are
a=9.451(4) A, b=21.67(2) A, and ¢=7.629(3) A. The
four symmetry-related molecules in the unit cell will be
labeled as A4, B, C, and D (see Fig. 1). Molecules B, C,
and D may be obtained from molecule 4 in (x,y,z) by C,
rotations around the a, b, and ¢ crystallographic axes, re-
spectively, plus a translation. The Cu(L-ile), molecules
are connected by hydrogen bonds along the a and c axes
(marked with dashed lines in Fig. 1) and by weaker bonds
through the residues of the amino acid along the b direc-
tion. This structure of layers parallel to the ac plane
(growth face of the single crystals) is shown in Figs. 1(a)
and 1(b) for the orthogonal projection of the unit cell
onto the ab and bc planes, respectively. Neighbor layers
are symmetry related, but chemically identical. In addi-
tion to the difference between the intralayer and inter-
layer copper ion distances (about 5 and 10 A, respective-
ly), the chemical paths able to transmit the spin polariza-
tion are more complicated between copper ions in adja-
cent layers than those within the same layer (Fig. 1).
Thus, of this compound, one expects that the excitations
of the spin system would tend to spread within the layers,
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Cu(L-ile),

FIG. 1. Orthogonal projection of the Cu(L-ile), unit cell onto
the (a) ab plane and (b) bc plane, showing the layered structure
of the copper ions. Hydrogen bonds are indicated with dashed
lines. The thin line delimits the unit cell of Cu(L-ile),. The dis-
tances between different copper sites in the unit cell are
d(A—B)=6.08(3) A, d(4—C)=12.27(3) A, and d(A4
—D)=11.45(3) A.

displaying a predominantly two-dimensional magnetic
behavior. However, the non-negligible interlayer ex-
change couplings are responsible for the transition to
three-dimensional magnetic order at 7, =117 mK.!

III. EXPERIMENTAL DETAILS
AND EPR MEASUREMENTS

Single crystals of Cu(L-ile), were obtained by diluting
the amino acid L-isoleucine in warm water. Basic copper
carbonate was added to this mixture, as in Ref. 1, and al-
lowed to react for 15 min, shaking up, and heating. The
solution was filtered, and the filtrate was left to evaporate
slowly at room temperature.. After several days, the com-
plex crystallizes as thin hexagonal plates of about
2X1.5X0.1 mm?3, with a well developed ac face. The
crystal axes a and ¢ of the samples were identified by
measuring the angles between the faces with a
goniometric microscope. The ac face of the sample was
glued to a KCl cubic sample holder, which defines an or-
thogonal reference system xyz. The a and c crystal axes
were oriented parallel to the x and z axes of the holder,
respectively. The angular uncertainty in the sample set-
ting up is approximately 1°.
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FIG. 2. Angular variation of the molecular g2 tensors
224(0,¢) of each copper site (dashed lines) and their averages
(solid lines) in the three crystal planes of single crystals of
Cu(L-ile),. Solid circles give the experimental data at 9.7 GHz.
The solid lines were obtained with the components of g? given
in Table I. The data in the bc plane display the collapse of the
EPR lines near the crystal b (0=90°) and ¢ (=0°) axes. The
horizontal axis measures 0 in the ac and bc planes, and ¢ in the
ab plane.
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FIG. 3. Angular variation of the peak-to-peak linewidth
AB, , (6,¢) observed at 9.7 and 33 GHz for the magnetic field
applied in the ab (angle ¢) and ac (angle 6) crystal planes of sin-
gle crystals of Cu(L-ile),. The solid lines were obtained with Eq.
(20), and the parameters are given in Table II.
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FIG. 4. Angular variation of the peak-to-peak linewidth
AB, , (0,¢) observed at 9.7 and 33 GHz for the magnetic field
applied in the bc crystal plane of single crystals of Cu(L-ile),.
The data in the bc plane display the collapse of the EPR lines
near the crystal b (6=90°) and ¢ (0=0°) axes.

EPR spectra of single crystals of Cu(L-ile), were
recorded at room temperature (293 K) with an ER-200
Bruker spectrometer, working at 9.7 and 33 GHz, with
100-kHz magnetic field modulation. The sample holder
was positioned on a pedestal in the center of the cylindri-
cal microwave cavities, and the magnetic field B=Bh
was applied in the ab, ac, and bc crystalline planes.
h=(sinf cos¢, sinfsingd, cosf) is the direction of the
external magnetic field in the abc crystal coordinate sys-
tem.

Based on symmetry considerations, the four copper
sites are magnetically equivalent by pairs for the magnet-
ic field in the ab, ac, and bc planes, as shown in Ref. 8.
As in measurements reported earlier at 9.7 GHz (Refs. 1
and 8) (X band) and 24.3 GHz (Ref. 1) (K band), we have
observed a single EPR line in the ac and ab crystal planes
and two EPR lines (which collapse near the crystal axes)
in the bc plane, at both microwave frequencies. The posi-
tions and linewidths for B in the three crystalline planes
of the single crystal of Cu(L-ile), are displayed in Figs. 2,
3, and 4, respectively.

IV. THEORETICAL ANALYSIS

Within the linear responses theory, the dynamical sus-
ceptibility observed in EPR experiments is given by'?

)("(a))=-2a;c—l;',fj:([4;,l(t)p,,l Ye ~ivtdt
=28 [ gweiar ()

where My, 18 the component of the magnetization opera-
tor u=—(3%/0B) along the microwave field direction
h,; and

,u;,l(t)=exp(i7{t/ﬁ)uhlexp( —iFft /#)

is its time dependence. Ff=F,+Ff +F is the full
Hamiltonian of the system, where #, is the Zeeman in-
teraction and #£,, the Heisenberg exchange interaction



52 MAGNETIC INTERACTIONS IN Cu(L-ISOLEUCINE),-H,0: ...

between copper ions. In 7' we include the remaining in-
teractions that induce the broadening of the lines, such as
the hyperfine and the dipole-dipole interactions. The
function ¢(¢)=( ,uhl(t),uh1 ) is called the “relaxation func-

tion,” and { - - - ) is the thermal average calculated over
the spin system.

In order to obtain information about the exchange pa-
rameter (J) between the different nonequivalent copper
ions from the EPR spectra, ¢(¢) was calculated using two
different approaches.

A. Anderson’s approach

In the classical stochastic Anderson theory,>!°

modified by Blume!? on a quantum-mechanical basis, the
Larmor frequency of the system changes randomly be-
tween a finite number of possible frequencies. The line
shape may be calculated as a function of the transition
rates between these frequencies. Anderson showed that
in the absence of the saturation effects ¢(¢) becomes

o(t)=W-exp[(iQ+1ID)t]-1,

where the components of the vector W are proportional
to the occupation probability of the random accessible
states. 1 is a vector with all components equal to unity,
and Q is a diagonal matrix whose elements are the ab-
sorption frequencies in the absence of transitions. Il is a
matrix whose elements give the transition probability be-
tween the states. As a generalization of Anderson’s ap-
proach, the Fourier transform in Eq. (1) can be solved
without explicit diagonalization of the matrix (iQ

+11),'>'*  and gives the line shape function
Ho)<x"(w)/w as
l(w)=2Re{W-[i(Q—wE)+I)] "1}, )

where wE is the unit matrix E times the constant w. The
simplest problem of two equally probable absorption fre-
quencies, for simplicity at o,=w, and w,= —®,, with
half linewidths T';=T,=TI;70, can be solved following
Anderson’s ideas.”!? The broadening of the lines arises
from the interactions included in #’, and the half
linewidth T'; is related to the experimental peak-to-peak
linewidth by I'=(V'3/2)AB,,. The line shape /(w)
comes out easily in two limiting cases, as follows.

1. Weak exchange regime

In cases where the exchange frequency is not predom-
inant, 0y > w,, one arrives at

2a)e Wl
o)=L, (0)+L (@)= ———, (3a)
wit+Ww;
with
((l)e +F0)
L (w)= , (3b)

(0, + T+ (0tV 0 —w?)?
where W, and W, are defined as
W, =w*— (03— w?)—(w,+T)?,

W,=20w(w,+T) .
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As noted by Anderson,’ the EPR spectrum is not exactly
the sum of two Lorentzian lines, but Egs. (3) predict
two such lines L,(w) and L_(w), centered at o
=+ 03— o? and having the same linewidth AB=(#/
guplw,+Ty),  plus a residual contribution
20,W,/(W3+W?3), as a consequence of the exchange
coupling. If wy>>w,, this term is small, although, as w,
increases, it becomes of major importance in marking the
transition to the collapsed regime. Figure 5(a) illustrates
these results for a ratio wy/w, =3.5.

2. Strong exchange regime

When the exchange frequency is predominant, o, > w,,
the result is

.
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FIG. 5. Theoretical shape of the spectrum of a system with
two sites under exchange collapse (a) weak exchange regime
[Eq. (3a)] (wg/w,=3.5), two Lorentzian lines with the same
linewidth, symmetrically centered respect to the average @=0,
and (b) Strong exchange regime [Eq. (4a)] (wy/w.=0.82), two
Lorentzian lines centered at @=0, with different linewidths.
The residual contributions (7c) are shown in both cases.
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with

(0, +Tx)tV 0? —w}
Li(w)=—e""0 Voizes (4b)
(@, +To)EV 0 — w3+ w?

L, (w) and L_(w) are centered at a mean frequency
@ =0 and have different linewidths [see Eq. (4b)]. L (@)
broadens as w, increases and becomes wider until it is not
observed experimentally, while L_(w) exhibits the ex-
change narrowing process. As in the first case, the two
Lorentzian lines are not independent, but they are con-
nected through the last term in the right-hand side of Eq.
(4a) which increases with w,. This situation is illustrated
in Fig. 5(b) for a ratio wy,/w, =0.82.

As stressed by Anderson,’ no discontinuity occurs in
passing from the uncollapsed spectra regime described in
Sec. IV A1 [Fig. 6(a)], to the collapsed spectra regime
described in Sec. IV A 2 [Fig. 6(d)]. For our problem, the
transition probability is taken equal to the exchange fre-
quency defined by w, =J /#, where J is the exchange cou-
pling. The collapse occurs when the difference Aw=2w,
between the positions corresponding to the nonequivalent
sites is related to w, by

o,/Ao=1. (5)

The exchange frequency w, does not vary with the mag-
netic field direction h, but a change of h modulates the
difference Aw(6,¢)=[w,(0,¢)—w,(0,¢)] (w;=g,upB /4,

Cu(L-ile), }
v=9.7 GHz

| " Il
+

dy"/dB (arbitrary units)

bc plane \

exp
— fit
1 n 1 s L 1 i 1

2500 3000 3500 3000 3500 4000
Magnetic Field (gauss)

FIG. 6. Typical dx’/dB EPR spectra observed at different
orientations of B in the bc plane: (a) §=45°, separated EPR
lines (I';=105.3 G and I';,=39.3 G); (d) 6=90°, collapsed EPR
lines (I'y=T,=89.7 G); (b) 6=70° (I';=109.6 G and I',=71.4
G) and (c) 6=82° (I';=98.9 G and I';,=86.9 G) are intermedi-
ate situations. Open circles give the experimental data at 9.7
GHz. The solid lines were obtained fitting the sum of two cou-
pled Lorentzian lines [as in Eqgs. (3a) and (4a)] to the EPR lines.
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i =1,2). Then, using Eq. (5), it is possible to estimate o,
from the EPR spectra. Since each observed EPR line at
®; and w, belongs to one copper layer, we identify the
value @, obtained in this way, with the interlayer ex-
change coupling |J,r/k| between neighbor coppers in
adjacent layers.

An approach which runs close to Anderson’s model is
based in the use of modified Bloch equations. Originally
introduced by Gutowsky, McCall, and Slichter,!® to ana-
lyze the effects of chemical exchange in NMR spectra,
this method has been used by Hoffmann and co-
workers'®™!° to study the effect of exchange interactions
in the EPR spectra of paramagnets. They describe the
EPR line shape corresponding to two equally populated
sites, centered at w;=®+w, and w,=® —w,, with half
linewidths ', 7T, as'®

N

—(mﬂ(a)—E)Wz——Z(FO"FZwe)WI} ,

X”(a))=

(6)
with
W, =(0—o ) 0—0,)—(T;+o,)(T,+0,)+(o,),
W,=(0—o,)(I'1tw,)t+ (o—o)(T,ta,),

where I'y=(I"+TI,)/2, 8=(w,+w®,)/2, N is a normali-
zation factor, and the parameters are given in gauss.
These results are identical with those obtained using Eq.
(2), and in particular they reduce to Egs. (3) and (4) as-
suming ©=0 and I';=T,. Fitting Eq. (6) to the experi-
mental spectra allows one to compute positions and
widths of the lines, and also w, (the definition of the ex-
change coupling used by Hoffmann'® differs by a factor of
2 from ours). However, values of w, obtained for field
orientations where the EPR lines are close to the col-
lapsed regime [Figs. 6(c) and 6(d)] are angular dependent.
This is a weakness of Eq. (6) since in these cases good
fittings can be obtained using different sets of values for
AB, . g and ®,. This method can be advantageously
used for field orientations where the EPR lines are well
separated as in Fig. 6(a). For these orientations the value
of w, obtained with the coupled Bloch equations is in
good agreement with that obtained from the collapse of
the lines [Eq. (5)]. Once the collapse occurs, the Bloch
equations and the Anderson method are unable to pro-
vide additional information on the exchange couplings.
After observing the results in Fig. 7, we chose the Ander-
son method because it allows a straightforward evalua-
tion of a unique value of w, from the spectra obtained for
field orientations where the EPR lines merge.

B. Kubo-Tomita approach

The KT (Refs. 11 and 20) approach uses a quantum-
mechanical perturbation scheme to calculate the relaxa-
tion function ¢(¢) of Eq. (1). In this method the commu-
tation relations between different operators involved in %
are taken into account. As shown by Yokota and
Koide,?! this becomes important when selecting the un-
perturbed Hamiltonian ¥, and the perturbation #,.
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FIG. 7. Effect of collapse of the EPR lines due to the ex-
change interaction. The solid circles give ratio Awe,/wr be-
tween the EPR line positions Aw,,, measured in the bc plane
and the separation wz of the lines expected when the exchange
interaction is negligible. The top axis measures the angle
17=190°-0|, between the magnetic field orientation aud the b
crystal axis. The solid lines represent the frequencies for a pair
of sites under exchange collapse and were obtained with Egs. (3)
and (4).

Therefore, we choose #, and #, according to the regime
shown by the experimental situation.

The Hamiltonian of a system consisting of four mag-
netically nonequivalent and interacting copper ions per
unit cell, arranged by pairs in two different types of lay-
ers, can be written as

H=H,+ HD+HYD + HY +HO +742)

+HEZ+HL? N

where the superscript 1 or 2 identifies each layer. The
complete Zeeman interaction ¥, is given by

N
S.=3 Su » (8)

i=1

-7{2 =Up 2 Sa'ga'B ’
a

being pup the Bohr magneton and B the applied magnetic
field. In Eq. (7),

Ho = % {37 448 4i*S 4j + 5/ BiB;Spi*Ss;
+J 4i8;S 4i*Sg;} » (9a)
H = % {37 cicjSci*Sc; 3 pinjSpi *Sp;
+JcipjSci*Sp;} » (9b)
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7{2714'2)= > {JAiCjSAi ‘S¢; +JAiDjSAi 'SDj
iJj
+JBistBi ‘SCj +J5ip;Ssi*Sp; } (9¢)

are the contributions to the Heisenberg exchange interac-
tion between copper ions within each layer [Eqgs. (9a) and
(9b)] and between copper ions in neighbor layers [Eq.
(9c)]. Ftyy, and Fy in Eq. (7) are the hyperfine and
dipole-dipole interactions. In Egs. (8) and (9), the sub-
scripts i, j label the crystal cells and a= A4 —D runs over
the four types of ions in the unit cell.

The experimental situations observed in Cu(L-ile), (a
single EPR line for some field orientations [Fig. 6(d)] and
poorly resolved two-line spectra for most other orienta-
tions [Figs. 6(a)-6(c)]) correspond to the simultaneous
presence of the two extreme situations analyzed by Yoko-
ta and Koide.?! The description of a continuous passage
from the regimes of collapsed and partially resolved spec-
tra with a unique finite perturbative expansion is yet an
unsolved problem within the KT (Ref. 11) theory. Thus
the cases where the two EPR lines are separated or where
they are collapsed require different perturbative ap-
proaches, as follows.

1. Collapsed EPR line regime

In order to simplify the linewidth analysis for magnetic
field orientations where a single exchange collapsed EPR

line is observed, it is convenient to rewrite #, of Eq. (8)
22,23
as*>

‘7{Z=‘7[ZO+‘7{ZI'=,J'BS'8.B+IJ'B 2 Su'Gu‘B N (10)

u=1,3
with
S=(S,+S;+Sc+Sp), (11)
g=i(84 T8 t8ct8D) > (12)
and

312(_SA +SD+SB_SC) ’
(13a)
G,=4i(—g4+gp+85—8c),

$,=(8,—Sp+8S;—S¢), G,=4(g,—8p+8r—8c)
(13b)

$;=(S,4+Sp—Sp—S¢), G3=Xg,+8p—8s—8¢c) -
(13¢)

Ff,o in Eq. (10) is proportional to the total spin S and
then commutes with the exchange contributions of Egs.
(9a)—(9c). The residual Zeeman interaction #,,, takes
into account the nonequivalence of the four ions in the
unit cell and does not commute with #,,. So Eq. (7) can
be written as sum of

Hho=ppS g B+ I+ HE+ LY (14

and
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Hi=pp 213su-Gu-B+7{L‘y’p+7{§,{f+7{§,§)p+7{gﬁ’. (15)
u=1,

In a zeroth-order perturbation expansion, terms in %,
are averaged to zero and the EPR spectrum consists of a
single 8-like EPR line centered at w,=gugB /%, with g
defined by Eq. (12). In higher orders and at high temper-
atures (7 — oo ), the modulation introduced by ¥, over
each contribution to #, modifies the peak-to-peak
linewidth ABp-p-(e’¢)'ll’20 If #,, were the only contri-
bution to the angular variation of the linewidth,
AB, , (6,¢) up to second order should be given (in gauss)

by22,23
2r o 1

3 8Up u=1,3 weu

(h'g-Gu-h)z
g%6,¢)

’

AB,, (6,4)=

(16)

which depends quadratically on the microwave frequency
®,. The tensors G, are defined in Egs. (13a)-(13c), and
the parameters w, are the exchange frequencies between

a given copper ion and its three nonequivalent copper
neighbors. If this were the dominant mechanism contrib-
uting to AB,  , single-crystal measurements of the angu-
lar variations of the linewidth at different frequencies, to-
gether with Eq. (16), would allow one to estimate three
exchange frequencies @, associated to each term of #,,

in Eq. (10). The explicit relationship between the fre-
quencies @, and the exchange couplings J ;5; defined in

Eqgs. (9a)—(9c¢) for a lattice of four nonequivalent ions can
be obtained expanding the spin correlation functions up
to second order in exchange and assuming a Gaussian
dependence on 7 of (s,,,(T)s, iz ), where s,,, are given by
Eqgs. (13a)-(13c). This gives

1
w; = D (J20m; FJ %0p;) > (17a)
J
1
wzz = F 2 (JiOCj +J310Dj ) ) (17b)
i
1
wga 2 E (V3085 T 0c) > (17¢)
J

where the subscript o identifies the cell at the origin and j
runs over the nearest adjacent cells. Equations (17) in-
volve squared couplings, and then the signs of the ex-
change interactions cannot be determined from the EPR
data.

2. Split EPR line regime

Following the treatment suggested by Yokota and
Koide,?! in this regime the perturbation scheme used in
Egs. (14) and (15) breaks down, and it is necessary a
different perturbation scheme, appropriate to the experi-
mental problem. Since the exchange interaction 7#1?
connecting nonequivalent ions belonging to different lay-
ers [Eq. (9¢)] does not produce a complete merging of the
lines, it is included in the perturbation ##;. Then the
Hamiltonian of Eq. (7) is written as
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FHo=pp(SV-g ) B+sPg? B)+HL+H#2  (18)

and

Ft1=pnp 3, ,°G, B+ +HY+HD +HLY
u=12

(19)

now being S'=(S,+S;), $?=(Sc+S,) and gV
=%(8A+SB)[8(1)(9,¢)=ﬁwr/.uBBl], 8(2)=%(gc+gp)
(g'?(6,¢)=%w, /upB,] the total spin and averaged g
tensors corresponding to layer 1 or 2, respectively. This
selection produces in zeroth order the desired effect of
describing two &-like EPR lines, which are broadened
and shifted when higher-orders terms are included.

V. ANALYSIS OF THE EPR RESULTS
AND DISCUSSION

In a two-component spectrum with individual
linewidths comparable to the splitting, the parameters of
each EPR line are not directly measurable. In order to
decouple the spectra to determine the “true” positions
and widths of the individual EPR lines, we used a non-
linear least-squares program which calculates these pa-
rameters by comparing the acquired (digital) spectra I(w)
to the sum of two coupled Lorentzian lines [as in Egs. (3a)
and (4a)]. It was impossible to fit the experimental spec-
tra as two independent symmetrical Lorentzian lines, but
they can be reproduced with great accuracy once the ex-
change coupling is taken into account. Then the fits were
performed for each orientation of B in the bc crystal
plane, using Eq. (4a) for the collapsed spectra and Eq.
(3a) for resolved ones, assuming different linewidth values
I'; and T, for the Lorentzian lines and using the average
value I'y=(I";+T,)/2 in the residual contribution. The
resulting parameters of the positions and linewidths pro-
duce a fairly good agreement to the data, as shown in
Fig. 6 for different field orientations. These values were
used to construct the Figs. 2 (in the usual notation of g2
factor), 3, and 4.

A. g factors

As explained by Abragam and Bleaney’* and Pil-
brow,”> we can obtain the components of the crystal
g-g=g? tensor from the experimental results. They were
calculated by a least-squares fitting of the function
g%(6,¢)=(h-g-g-h) to the data, and the results are given
in Table I. To obtain the g tensor from the g? tensor, we
must assume that g is symmetric, a fact which can not be
tested with EPR experiments and in our case is not pre-
dicted by symmetry arguments. So we prefer to use g2
components in tables and figures instead of g com-
ponents. The values of the g? factor measured at 9.7
GHz in three crystalline planes of a single crystal of
Cu(L-ile), are displayed in Fig. 2. The solid lines in this
figure were obtained using the parameters of Table I.
Similar results were obtained at 33 GHz. The g? tensors
measured at 9.7 GHz are clearly larger than those mea-
sured at 33 GHz. These differences can be attributed to
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TABLE 1. Components of the squared g2 tensor of Cu(L-
ile),, obtained by a least-squares fit of the experimental data at
293 K, at each microwave frequency, with the function
g%6,6)=h-g-g-h. (g%, (g?),, (g?); and a,, a,, a; are the ei-
genvalues and eigenvectors, respectively. When a double sign
appears, they correspond to coppers in different layers. The un-
certainty of the last explicit digit is given in parentheses. The
values of g, g,, and 2A are obtained from the crystal g? tensor
assuming axial symmetry for the molecular g tensors. The value
2A obtained from the crystalline structure is 152.7°.

9.7 GHz 33 GHz
(8%)xx 4.3041(6) 4.2833(3)
(g%, 4.7744(6) 4.7606(3)
(8, 4.4704(6) 4.4614(3)
(8%)xy 0.0000(7) 0.0000(4)
(&Y, 0.0000(7) 0.0000(4)
(g2), +0.3412(6) +0.3565(3)
(g% 4.3041(6) 4.2833(5)
(g%, 4.9960(6) 4.9971(5)
(g2)3 4.2488(6) 4.2235(5)
a, (1,0,0) (1,0,0)
a, (0,4:0.84,0.54) (0, ¥0.83,—0.55)
as (0,40.54,—0.84) (0,+0.55,—0.83)
g 2.2485(6) 2.2242(3)
g 2.0612(6) 2.0553(3)
2A 148.9° 149.6°

nonsecular effects of the residual Zeeman, the dipole-
dipole, and hyperfine interactions, which are more impor-
tant at the X band. The agreement between experiment
and calculated values at 33 GHz was as good as that at
9.7 GHz. The discrepancies near the crystal b (90°) and ¢
(0°) axes in the bc plane of Fig. 2 are larger at 9.7 GHz,
also as a result of nonsecular contributions which do not
vary as a second rank tensor. The eigenvalues for the g2
tensor (Table I) indicate that the main contribution to the
ground-state wave function is the dxz—y2 copper orbital.?

The differences between the X-band results of this paper
and those from Ref. 8 may arise from the improvements
of the experimental conditions such as improved orienta-
tion of the single crystals, more detailed measurements,
and/or digital acquisition of the spectra.

In order to discuss the electronic structure of the indi-
vidual Cu(Il) in Cu(L-ile),, the molecular g tensors, g%,
(a=A,...,D) must be calculated from the crystal g2
tensors obtained experimentally.®?”2® The nearly axial
local symmetry around the copper ions indicated by the
crystal data® allows us to assume that the molecular g
tensors have components g, lying in the square of ligands
and g, along its normal. 2A is the angle between the api-
cal directions corresponding to the copper sites 4 and B
(C and D) in the same layer. Good agreement is found
between the value 2A=149.6° calculated from the EPR
data and that obtained from the crystal structure,
2A=152.7° (Table I). The angular dependence of
£,2(6,4) for each copper site in Cu(L-ile),, expected when
the exchange coupling between adjacent layers is negligi-
ble, is depicted by dashed lines in Fig. 2 (planes ac and
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ab). This figure shows then the averaging effect of the ex-
change interaction, which collapses the lines in these
planes.

Each EPR line observed at 9.7 GHz in the bc plane of
Fig. 2 belongs to one type of nonequivalent layer and re-
sults from the collapse of two coupled copper sites in
each layer, marked by 4 and B (or C and D) in Figs. 1(a)
and 1(b). Thus, using these data and Anderson’s theory
for the exchange collapse phenomena, we can estimate
the antiferromagnetic coupling J,r between copper ions
in neighbor layers. In our case, the strength of the ex-
change frequency o, is fixed, while the difference
Aw=w,—w, between the positions corresponding to non-
equivalent layers varies as the magnetic field is rotated.
Figure 7 shows the ratio Aw,, /w1 between the EPR line
positions Aw,,,, measured in the bc plane and the separa-
tion @ of the lines expected when the exchange interac-
tion is negligible plotted against k /fiwy. The top axis
measures the angle 7= [90°-0| between the magnetic field
orientation and the b crystal axis. We obtain w,(7) from
the fit of the angular variation of the EPR line positions
observed at 33 GHz, considering only points well outside
of the collapsed region. The factor k/#, k being the
Boltzmann constant, was introduced in order to use con-
venient units. Using Eq. (5) and the value k /fio =47
K ™! at which the lines merge, the magnitude of the ex-
change frequency producing the collapse can be estimat-
ed as w, =wfi/k in kelvin. Using this procedure and the
experimental data at 9.7 GHz (Fig. 7) and at 33 GHz (not
shown), we obtain the values |J,r/k|=21(3) mK and
|Jop/k|=23(6) mK, respectively. The value |J,g/k|
obtained by this procedure can be identified with the in-
terlayer exchange coupling transmitted through the ami-
no acid residues of the isoleucine molecules. The solid
lines in Fig. 7 represent the frequencies for a pair of sites
under exchange collapse, given by Egs. (3) and (4).

B. Linewidth

Figure 3 displays the angular and frequency depen-
dence of the peak-to-peak linewidth AB, , observed for
B in the crystal planes ac and ab, where the layers give
the same spectrum. The single observed EPR line corre-
sponds to two nonequivalent copper sites in each layer,
collapsed by the intralayer exchange coupling Jr. If the
contribution to the linewidth given by Eq. (16) were
predominant, we should expect AB,, , to be proportional
to the difference Ag between the g factors of the two
centers and to the square of the microwave frequency.
However, the angular variation of AB,, , in the ab and ac
planes of Fig. 3 do not show an important frequency
dependence, indicating that the secular contribution of
F£, due to nonequivalent sites is not dominant. In fact,
the main contribution to AB, , in the ab plane is propor-
tional to (3cos?6,-1)%, where 0, is the angle between the
magnetic field direction and the b axis (normal to the lay-
ers) and seems to arise from the dipole-dipole interac-
tion.?’ This angular variation displayed in Fig. 3 has a
maximum when B is parallel to the b axis and a minimum
at 6,=54.7° (6=145° in Fig. 3). The ac plane contains
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the copper layers, and so 6, =7/2 when B lies on this
plane, and one could expect a constant contribution due
to the dipole-dipole interaction. Then the deviation of
the experimental data from the expected behavior in this
plane must be produced by other interactions. Analyzing
together Figs. 2 and 3, one observes that in the ac plane
the EPR line is narrowest when the g2 factor has a
minimum (which occur when g and A tensors have the
same principal axes), indicating this contribution as due
to the hyperfine interaction.

Figure 4 displays the angular and frequency depen-
dence of the peak-to-peak linewidth AB,, , observed for
B in the bc plane. Since the angular variation does not
show a quadratic dependence with the microwave fre-
quency @,, it indicates that the secular contribution due
to nonequivalent sites is not dominant. Moreover, far
from the crystal axes the linewidih is greater at 9.7 GHz
than at 33 GHz as a result of nonsecular terms whose
contributions are more important at low frequencies.
This fact is also observed in the ab and ac crystal planes
(see Fig. 3).

Following the results for the collapsed EPR lines re-
gime (see Sec. IVB1), the experimental values of
AB, , (0,4) at both frequencies in the crystal planes ac
and ab (Fig. 3) and the points of the bc plane where the
EPR lines collapse (Fig. 4) were fitted by the function

AB, , (6,¢)=a,sin’0 cos’p+a,sin’0 sin’p
b,(h-g-G,-h)?
g%6,9)

where 0 and ¢ give the magnetic field orientation in the
abc crystal axes system. Table II shows the least-squares
values of the parameters a, and b, (¥ =1,3) which allow
us to draw the solid lines in Fig. 3. The small discrepan-
cies in the fit may be due to nonsecular terms not includ-
ed in Eq. (20). The coefficients b, b,, and b; account for
contributions varying as fourth order, as well as second-
order angular functions, which are not orthogonal to the
first three functions. This fact introduces uncertainties in
the parameters b, not considered in the values given in
Table II.

The coefficients a,, related to functions with 180°
periodicity, are a consequence of hyperfine and dipole-
dipole interactions. The coefficients b, are produced by
F£z, as well as by the dipole-dipole interactions. The pa-

+azcos?0+ 3
u=1,3

, (20

TABLE II. Values (in gauss) of the parameters calculated by
fitting Eq. (20) to the experimental data of AB, , measured at
293 K, at each microwave frequency, in the ac and ab planes.
The uncertainties of the coefficients are obtained from the
dispersions of the fits.

9.7 GHz 33 GHz
a, 67(1) 51.5(3)
a, 109.5(9) 125.4(7)
a, 105.9(9) 122.3(6)
b, —38(4) % 10° —41(4) X 10*
b, —22(5)x 10* —10(4) X 10°
b, 29(9) X 10° 17(3) X 10*
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rameters a, evaluated at both frequencies are similar,
while those values of b, evaluated at higher frequencies
are larger. The decrease of a, with increasing », can be
related to nonsecular contributions to the linewidth.°
The dependence of the coefficient b, with the microwave
frequency o,,

b,(Q band)
b,(X band)

2
Drg
@ x

agrees well with the theory [Eq. (16)]. Since the relative
uncertainties in the b, and b; coefficients are large, it is
not possible to prove their dependence on w,. According
to Eq. (16), the b, coefficients are given by

e
b o)== " foru=1,3. 21)
3 gl"’Bme“

Using Eq. (21) and values of b, obtained at 33 GHz, we
evaluate the w, . The frequencies o, and o, of Egs.

(17a) and (17c) are associated with planes where the lines
are collapsed for all orientations of B and can be
identified with the intralayer exchange coupling
|Jr/k|=140(30) mK, transmitted through hydrogen
bonds along the @ and ¢ crystal axes. Besides, ,, of Eq.

(17b) is associated to the bc crystal plane, where the EPR
lines are not completely merged. Then it can be
identified with the interlayer exchange coupling, giving
|J op 7k | =25(6) mK.

A simple calculation of the dipolar couplings
(E4q~g’u% /r*) between neighbor copper ions in adja-
cent layers gives E4(A4 —C)=1.5 mK and E (4
—D)=1.9 mK. These values are smaller by a factor of
10 from those obtained for the exchange couplings, sup-
porting our assumption that the interlayer contribution
of the dipolar interaction is not important and can be
neglected [see Eq. (7)].

VI. CONCLUSIONS

Using the EPR technique, we have evaluated the mag-
netic interactions in single crystals of Cu(L-ile),, a com-
pound having four magnetically nonequivalent copper
sites per unit cell. The results obtained for the g tensors
at two microwave frequencies (Table I) are close, and the
differences encountered can be attributed to small non-
secular contributions arising from 7, [Egs. (15) and (19)].
In order to evaluate selectively the strength of the ex-
change couplings in systems with nonequivalent magnetic
ions, we have used various approaches.

(i) From the observed positions of the EPR lines in the
bc crystal plane at both microwave frequencies and using
Anderson’s ideas,” (Fig. 7) we have evaluated the inter-
layer coupling parameter among magnetically nonequiva-
lent copper ions in different layers, |J,p/k|=21(3) mK
(9.7 GH2) and |J .z /k|=23(6) mK (33 GHz).

(ii) From the angular variation of the linewidth data at
33 GHz and using a model based on the KT theory!! for
the collapsed EPR line regime, we calculated the ex-
change frequencies between the different magnetically
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nonequivalent copper ions in the unit cell. The value
|J w/k | =140(30) mK is identified with the intralayer ex-
change interaction among neighbor coppers within the
same layer. On the other hand, the exchange interactions
among coppers in adjacent layers are not able to collapse
the lines, as shown by the experiment. Then the
linewidth data at 33 GHz in the bc plane [coefficient b, of
Eq. (21)] provide the selectivity required to estimate the
value for the interlayer exchange coupling, |J,g/k|
=25(6) mK.

Although both approaches give similar coupling pa-
rameters (see Table III), in the present case the Anderson
model allows one to calculate only the weakest exchange
interaction, while the KT theory allows one to estimate
both of them.

Since EPR lines corresponding to copper atoms in
different layers do not collapse in the bc plane, Calvo,
Isern, and Mesa® concluded that the interlayer exchange
interaction is lower than |J,p/k| <40 mK. Assuming
that the unresolved copper hyperfine structure of the
EPR lines produces an additional contribution to the
linewidth, these authors estimated an intralayer exchange
interaction in the range 170 mK < |Jp/k|<210 mK.
This value is related to all the exchange contributions
among neighbor copper ions within each layer, either be-
tween equivalent or nonequivalent magnetic copper ions.
Even if the uncertainties of the estimations in Ref. 8 are
much larger than those obtained here, the values of the
parameters obtained at 9.7 GHz are not very different
from those calculated form the present EPR data at both
frequencies (see Table III).

Comparisons between values of the exchange couplings
obtained from EPR and magnetic-susceptibility or
specific-heat results should be performed carefully. From
EPR measurements one evaluates exchange interactions
between nearest-neighbor nonequivalent magnetic ions.
From susceptibility data one obtains a mean value of the
exchange interactions between pairs of equivalent and
nonequivalent copper ions. Nevertheless, the values cal-
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TABLE III. Exchange couplings between neighbor copper
ions with the same layer |Jr/k| and between them |J ,p /k |, cal-
culated (1) from the position of the EPR lines, (2) from the EPR
linewidth data, (3) by Newman, Imes, and Cowen (Ref. 1), from
magnetic susceptibility data, and (4) by Calvo, Isern, and Mesa
(Ref. 8), from the EPR data at 9.7 GHz. All values are in mK.

1 2 3 4

140(3) (33 GHz) 120
25(6) (33 GHz) 20

|Jr /K|
[T ar 7Kl

170-210
21(3) (9.7 GHz) <40

23(6) (33 GHz)

culated from the EPR position and linewidth data at high
T (293 K) are in good agreement with those obtained by
Newman, Imes, and Cowen! from susceptibility measure-
ments at very low T (see Table III).

The present magnetic studies indicate that in Cu(L-
ile), the spin polarization among neighbor magnetically
nonequivalent copper ions within the same layer is
transmitted through hydrogen bonds within the ac plane
(marked with dashed lines in Fig. 1). Additional weaker
exchange interactions exist among magnetically non-
equivalent copper ions in adjacent layers. Such superex-
change paths, as suggested by Figs. 1(a) and 1(b), are
exceedingly complicated to be described in detail. The
contacts are given by electrostatic interactions between
the tails of the amino acid residues of the isoleucine mole-
cules. Our results show how, using different theoretical
approaches and a detailed set of EPR data in single-
crystal samples, it is possible to evaluate small exchange
couplings even when stronger interactions are present in
the crystal.
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