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The theory of exchange narrowing is extended in systems with large isotropic J, to include static spin
correlations and antisymmetric exchange. Both contribute to the unusual temperature-dependent, exchange-
narrowed EPR linewidth AH(T) in CuX,?" (X = Cl,Br) salts based on ferromagnetic layers of s = 1/2
copper(II) sites. Single-crystal EPR data are presented for Pt(NH;),CuCl, and for 1-3-propanediammonium-
CuCl, as a function of temperature and crystal orientation. In both salts, A H(T) is shown to be dominated
by corrections to J,, with the antisymmetric exchange larger than the symmetric anisotropic term. Single-
crystal EPR provides a novel general approach for finding the magnitude and oricntation of the vector d for
antisymmetric exchange. Antisymmetric contributions to AH(T) are not enhanced by spin diffusion in low-
dimensional systems when the paramagnetic sites are at inversion centers. The different role of static spin
correlations for symmetric and antisymmetric perturbations accounts without adjustable parameters for the
angular anisotropy of AH(T). The residual temperature dependence of the effective exchange frequency is
not understood and probably involves various kinds of phonon modulation.

I. INTRODUCTION

Structural' and static magnetic® studies indicate
that various amine salts of copper halides CuX,*"
(X=Cl,Br) crystallize in two-dimensional ferro-
magnetic layers. All copper (II) sites are in a
plane and close to an idealized square-planar geo-
metry, as shown in Fig. 1. Bulk magnetic proper-
ties® are adequately fit to the isotropic exchange
Hamiltonian

JCexz_‘[o Z §"°§n,, (1)

The sum {u,n’) is restricted to nearest-neighbor
s=3 Cu(Il) sites in the plane. The interaction 2J,
between any (n,n’) pair of the extended system can
be determined, for example, from static suscepti-
bility measurements. The bridging X" ions in Fig.
1 provide a superexchange pathway in the plane.
These ions are not halfway between the Cu(Il) sites
and, in addition, are slightly above and below the
plane.

It has been amply documented?® that isotropic ex-
change interactions J,, in extended systems pro-
duce an “exchange-narrowed” electron-paramag-
netic-resonance (EPR) absorption by modulating the
local dipolar and hyperfine fields. Extensive re-
cént studies®® of exchange narrowing in low-di-
mensional spin systems has established that com-
plexes based on S-state ions like Mn(Il) provide
good experimental realizations of one- and two-
dimensional antiferromagnets. Here the dipole-
dipole interaction between s=3 sites is the princi-
pal source of broadening, and it often accounts
adequately for the observed linewidth. The dipole-
dipole interaction can be computed® without adjust-
able parameters whenever the crystal structure
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and the magnetic moments are known.

Similar analyses of dipolar broadening in Cu(II)
crystals, with smaller s=3 moments, are often
an order of magnitude smaller than the observed
linewidth. Since Cu{lIl) has a d° electronic con-
figuration and is a D state rather than S-state free
ion, it has long been recognized®:” that spin-orbit
interactions produce additional terms in the spin
Hamiltonian. Additional broadening in extended
systems is naturally attributed® to such corrections
to the isotropic exchange. Quite generally, bilinear
exchange between sites n and »’ can be decom-
po‘sed*""7 into an antisymmetric term like d - (5,,
X s,) and a symmetric anisotropic term. The lat-
ter has been measured® from single-crystal EPR
data in several linear antiferromagnetic chains of
Cu(Il) in which d vanishes by symmetry and the
exchange correction exceeds the dipolar contribu-
tion.

The position of the bridging halide in CuX,*" salt
(Fig. 1) allows both antisymmetric and anisotropic
corrections to J,. In particular, since there is no
center of inversion halfway between adjacent Cu(II)
sites, the antisymmetric term does not vanish by
symmetry.® Antisymmetric exchange is relatively

I FIG. 1. Schematic
representation of the
CuCl,*" layer in the
crystalline xy plane
and of the polar
coordinates 6, ¢ of
the magnetic field
H,.
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rare and its characterization through the exchange-
narrowed EPR line in single crystals has, to
the best of our knowledge, not been previously re-
ported.

We have recently shown'® that local magnetic
fields arising from antisymmetric and symmetric
perturbations lead to second moments M,(J,/kT),
and thus to exchange-narrowed linewidths AH(T),
with very different temperature dependences which
reflect static correlations between the spins.
Static-correlations, or short-range order, arepar-
ticularly important in low-dimensional systems.
The temperature dependence of fime correlation
functions requires a more complete understand-
ing of spin dynamics than is presently available.®
Nevertheless, the AH contributions arising from the
T dependence of M,(J,/kT) can be analyzed from
single-crystal EPR data and thus seta limit on the
more complicated dynamical contributions.

In this paper, we show that single-crystal EPR
data allow the evaluation of the antisymmetric ex-
change 3-5‘ X'§; from measurements in the pa-
ramagnetic phase. The two CuCl>2" crystals studied
are Becton’s salt, in which the amine is Pt(NH,)2*
(PTA), and the 1-3-propanediammonium (PDA)
salt. Both are known to crystallize in layers.!'?
Both are available as small single crystals and
neither shows obvious phase transitions on cooling.
A single exchange-narrowed EPR line of peak-to-
peak width AH(T) is observed in the entire para-
magnetic range ~20<7<300 K. The angular de-
pendence of AH will be used to estimate both the
antisymmetric and anisotropic exchange correc-
tions. Since the anisotropic and antisymmetric
contributions to M, have different 7 dependences,
fixing these parameters yields a prediction for the
T dependence of the angular anisotropy.

The advantages of single-crystal over powder da-
ta are illustrated by summarizing previous EPR
work.'*'® The linewidths AH(T) of powdered or
polycrystalline samples also decrease monotoni-
cally with T, even in the paramagnetic region 2T
>dJ,, while standard theory® predicts a tempera-
ture-independent AH. The initial evidence'® for d
was consequently based on observation that the
“infinite-temperature” limit of the extrapolated
AH(T -~ 0) was still broader than the dipolar con-
tribution. In effect, the antisymmetric exchange
provides a single adjustable parameter for a sin-
gle extrapolated number. Efforts to understand the
strong T dependence of AH centered on phonon
modulation'® of d, in which the first derivative of
the Taylor expansion of d(R;;) in the intersite sep-
aration R, = [R‘ —R,I becomes an adjustable pa-
rameter, as well as on phonon modulation'” of the
isotropic exchange J,, which in effect provides a
softening of the crystal and leads to a T-dependent

Jo(T). The latter approach does not require an an-
tisymmetric exchange, while the former depends
on both the antisymmetric exchange and its first
derivative. No advantage is taken of the angular
variationof AH which must necessarily arise for a
postulated interaction d - §, X §,.

We begin in Sec. II with a summary of exchange-
narrowing theory, which is extended to include
antisymmetric exchange perturbations. The ex-
perimental EPR results are collected in Sec. III
and are analyzed in Sec. IV in terms of general
theory and known structural and magnetic data.
Since ferromagnetic layers in PTACuCl, and in
PDACuCl, do not show low-dimensional anomalies
in the EPR linewidth, various limitations to our
theoretical approach can be deferred until Sec. V.
The single-crystal data suffice for determining
the antisymmetric and symmetric exchange cor-
rections in both crystals, but also point to relax-
ing the rigid-lattice approximation.

II. THEORY OF EXCHANGE NARROWING

Exchange narrowing®® is conveniently treated by
a Hamiltonian of the form

3C=13C, +3C". (2)

The zeroth-order Hamiltonian contains the isotrop-
ic exchange interaction (1) and the Zeeman inter-
action

o=+ D bpHy g3, (3)
n

Here, pujg is the Bohr magneton, ﬁo is the applied
static field, and g is the observed g tensor. Since
I, commutes with any component of the total spin,
the spectrum of &, is a single d-function absorp-
tion at %iw,= 5 |g *H, | The perturbation3¢’in (2) con-
tains all other terms of the spin Hamiltonian which
cause deviations (broadening or shifting) of the
sharp resonance at Zw,. We focus here on the
broadening terms of 3C’.

The observed EPR absorption I(w — w,) can for-
mally be written in terms of the relaxation function
o(t),

Hw - wy) = fw dt (1) expi(w — w,)t. (4)

The relaxation function ¢(f) is defined®® as
&(8) = (M, (HM(0)) /(M M). (5)

In (5), M,, M. are the transverse magnetization and
are proportional to the (+) and (-) components of
the total spin, { ) indicates a thermal average,

M (t) is in the interaction representation (7 =1),

M,(1) = exp(~i 3, M, (2) exp(ide,f), (6)

and M (¢) is in the Heisenberg representation with



3038 SO00S, McGREGOR, CHEUNG, AND SILVERSTEIN 16

respect to 3¢,+3¢’. The thermal average of (M M.)
is simply related to the intensity of the EPR sig-
nal or the static susceptibility x(7) via

MMy =2TX(T)=2s(s + D) p2g®>x(T)/3%xc.  (T)

Thus (7) is a direct measure of spin correlations
at any temperature and relates x(7) to the Curie-
law susceptibility Xo(7) of noninteracting spins.
When 3¢’ describes Gaussian random processes,.
Kubo showed'® that

(#) = exp (- jo'u-r)w(r) dr). (8)

The correlation function §(7) is given by
P(7) = ([R’(7), M,(0)][M(0),3"(0) ]y/(M M), (9)

where 3¢/(7) = exp( -i3¢,7)3¢'(0) exp(i3¢,7). There are
no contributions in (9) from J¢,, since 3¢, commutes
with M, or M.. Thus ¥(7) describes the correla-
tions of the local magnetic fields, or of 3¢’ terms.
Explicit treatments®'® of dipolar or hyperfine con-
tributions to ¥’ are available.

We focus here on corrections to the isotropic
exchange J, between nearest-neighbors sites and
introduce a general traceless 3¢’

JC'=% Z E >‘ncm‘ﬂsllotsllﬁ‘ (10)
(nn*) @B

The {n,n’) sum is over nearest neighbors, while
the o, B8 sum is over the components x,y,z. The
eight independent X,,,., coefficients in (10) can be
decomposed®” into the five components of a trace-
less symmetric tensor and the three components of
an antisymmetric vector. Thus we have

1
3 =30, + 3 =5 D (38 +3C4), (11)
(nn*)
where

scﬁn‘ =Z Xﬁan‘ﬂsnasnﬂs’ (lla)
aB

3(35", = Z )‘!fan‘ﬂsnaSnmSn‘B' (llb)
aB

The coefficients A%, ., change sign on transposing
either o and B or » and »’; hence A2 ,_ =0 for
a=x,y,z. The coefficients A,,., remain unchanged
on transposing o and B or » and »n’. The traceless
symmetric tensor A5, ., transforms like the di-
pole-dipole interaction and is consequently easily
incorporated® in standard treatments. Finally, it
can generally be shown that symmetric and anti-
symmetric contributions to 3¢’ are not correlated.
Since no cross terms in 3¢} and 3¢5 occur in the nu-
merator of (9), ¥(7) may be written

¢'(T)=¢A(7)+¢s(‘r)- (12)

The relaxation function ¢(¢) in (8) is then a product
function

¢ (1) = ,()¢ 5(2). (13)

All symmetric and antisymmetric contributions to
3¢’ are therefore computed separately. For ex-
ample, the second moment M, of the resonance line
is the amplitude of ¥(f) at £=0,

My(Jo/RT) =9(0) = ,(0) + P (0). (14)

A. Evaluation of M,(8J,)

3y is, by hypothesis, the largest term in the
spin Hamiltonian. All characteristic energies in
J¢’, as well as the Zeeman energy %#w,, are as-
sumed to be small compared to T, whereas the
isotropic exchange J, and kT may be comparable.
The usual treatment® also has £T > J,, when all
static spin correlations can be neglected. We gen-
eralize'® to comparable J, and k7. Then only 3C,,
is kept in computing the thermal average of an op-
erator A

(A) = Tr exp(-BiC,)A/ Tr exp(-B3C,), (15)

where B=(kT)™ and & is the Boltzmann factor.
Since (1) is isotropic in spin space, it follows that

(SiaSie) =5 S(S+1)C(ry;, BI04, (16)
(Sia?=(S16SsSe) =0 (i#j#k#i). (17)

The normalized static correlation functions
C(7,,,BdJ,) depend only on the distance between the
sites and on BJ,. The assumption that 2T is much
larger than Zw, guarantees that spin polarization
is negligible in the paramagnetic phase and leads
to the vanishing in (17) of correlations for odd
numbers of sites. The analysis for kT~ #iw, be-
comes considerably more complicated and is not
considered here.

The treatment of antisymmetric contributions
of 3¢/, in (11a) parallels the more familiar analy-
sis®**!° of symmetric contributions. We first
rewrite 3C2, in terms of spin-ladder operators

A =GA+G{+GA (18)

where the site indices n,n’ have been suppressed
for simplicity. The secular part, which commutes

with s, +s,,, is

Ga=3i\A . (stsr, - sost) (19)
and clearly does not vanish in general, in spite
of the “nonsecular appearance” of d+$,x35,. The
nonsecular part G{ for sites n,n’ induces AM,
changes of 1 and is given by

Gi‘: %(A:xn'z —ih,’,‘,,,.,)(s:,s,,,, - Sn:S:r‘) . (20)

The G4 term is the adjoint (G#)* and induces AM,



changes of —1. There are no AM =2 terms.

The definition M= ¢S, in terms of components
of the total spin and the explicit expression (19)
and (20) for the {(#n’) components of 3¢5, are now
used to evaluate the 7=0 commutators in (9). The
result is

MA(BJIo) = ,(0)

= Z Z )\fx.ly)tfxmy zs;‘snzs:n>

(i4) (nm)

-4 ()‘A xjz nxmz + )\fyjz nymz) <S:S;Sns:n> ]/<S+S-> .

(21)

The sums are over nearest-neighbor pairs (;j) and
(mm), and (S,S.) is proportional to (7). The high-
temperature limit BJ,—~ 0 consists of retaining only
square terms withi=n, j=m or i=m, j=n in (21).
Static correlations for BJ,> 0 lead to additional
contributions in (21) and for s=3 sites are amen-
able to exact analysis'® for the most important
terms in which i, j, », and m involve only two or
three sites. Four-site contributions to (21) are
decoupled in the usual manner®'® into products of
two-spin correlations functions like C(#;,)C(7,,,).
In addition to specializing to s=3 sites, we also
use the structural feature that each site is at a
center of inversion, so that whenever T,;= -T,,,

RA iAkaB' (22)

faf8™
This follows from the fact that A{, ;, are compo-
nents of avector relating sitesi andj. Thereisa cen-
ter of inversionat each Cu(Il) site in'* PTACuC1,*>"
and'? PDACuCl,*, as well as in other CuX,* sys-
tems.! The antisymmetric exchange does not van-
ish by symmetry because there is no inversion
center halfway between nearest-neighbor Cu(Il)
sites (Fig. 1). The condition (22) not only simpli-
fies the evaluation of M#(BJ,), but has important
consequences on the spin dynamics, as discussed
below.

The computation of M#(BJ,) for a square-planar
ferromagnetic layer of s=3 sites at centers of in-
version has been discussed in Ref. 10. The result
is

=X

MA(BIY) = (M o+ MA ) F ,(BJ)Xo/X(T) . (23)

Here, M ,and M are the secular and nonsecular
contributions, respectively, at high T(8J,~ 0) and
are explicitly given by

=7 Z (A )?,

= 8 Z [(xfol)z

The j sum is over z=4 in the square-planar lat-

(24)

wjz)z] ‘
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tice. The other factors in (23) are the Curie-law
susceptibility X, the observed x(7) which can be
computed from (1), and the factor F,(8J,) de-
scribing the static spin correlation due to 3C,.
F,(BJ,) is given'® by

FL(BJ)=1-C, —2C,+2C%+2C2+4C2 - - , (25)

where C, is an abbreviation for the nth neighbor
C(7;;,BJ,) in (16). All C, ~0 in the high-T limit
BJ,~0. The C, and C, corrections in (25) are
exact and no C, terms occur on account of (22).
The square terms in (25) are decoupled four-site
contributions from (21) and are small*® for 2T
Z 4J,.

The evaluation of M5(BJ,) is entirely analogous,
except that AM = +2 nonsecular terms also occur.
Once again, conventional high-T results are found
for the secular component M3 2,0 and nonsecular
components M2 1+ M

M:,O:"ig Z 2Afzjz_>‘usxjx_)\fyjy]2 ’ (26a)

M3 B M 16 Z {10(7\‘3‘1‘)2 +10(x 'W’)

xS

ivjy

)2 +4(r5,,)%. (26Db)

( ixjx

The static spin correlations due to 3C,, now lead to
M3 (Bdo) = (M3 o+ M3, + M3 ) F s(BJ)Xo/ X(T (27)

The correlation function F4(B8J,) for symmetric
perturbations 3¢’ is'®

Fs(BJy)=1+C,+4C,+2C,+2C?
+6C24+8C,C,+4CE . . . (28)

If both F ,(BJ,) and F¢(BJ,) are truncated by in-
cluding spin correlations up the third neighbor,
then (25) and (28) are valid'® down to about k7T~ 2J,,.
The reduced second moments F¢x./X(7) and
F,Xc/x(T) are shown in Fig. 2. Their qualitatively
different T dependence is particularly noteworthy.
The differences in the exact C,, C,, and C, con-
tributions in (25) and (28) are primarily respon-
sible for the stronger decrease of F,(8J,) at low
temperature. Furthermore, the general nearest-
neighbor 3¢’ in (10) for corrections to the isotropic
exchange (1) leads, for both symmetric and anti-
symmetric terms, to a product of high-T contri-
butions that depend on the coefficients A, ;; and
temperature-dependent factors involving only BJ,.
This factorization in (23) and (27) will be extreme-
ly convenient for analyzing single-crystal EPR

data.
B. Two dimensionality and spin dynamics

While the computation of M,(BJ,)=¥(0) is some-
what tedious, it is quite straightforward. More
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FIG. 2. Effect of static spin correlations in the square
planar ferromagnet on the second moment of symmetric
[Eq. 27)] and antisymmetric [Eq. (23)] broadening per-
turbations.

fundamental problems arise with the time depen-
dence of ¥(7), which in principle requires a de-
tailed picture of the spin dynamics. Nevertheless,
P(7) is needed to compute the relaxation function
¢(t) and the absorption spectrum I(w - w,) in (4).
For large J,,(7) decays® in times of the order of
J3', which may be very fast on the EPR time
scale. It is then possible to approximate ¢(¢) in
(5) by3,19

¢L(t)=exp<—t [ w dt):exp[—tzb(o)rc]. (29)
0

The characteristic time 7,~%/J, in (29) measures
the decay of ¥(#) and w,~ 7! is the corresponding
frequency of the exchange modulation. It follows
directly from (29) that I(w - w,) in (4) has a Lo-
rentzian profile, with half-width of

I'=M,(BJ,)T,=3V3AH. (30)

The relation between I' and the peak-to-peak de-
rivative linewidth AH, which is usually the ob-
served quantity, is also indicated in (30).

The central idea of exchange narrowing in low-
dimensional systems**® is that ¥(7) may decay so
slowly that the approximation (29) is no longer
valid and deviations®? from Lorentzian profiles
occur. In particular, at high temperature (7) is
eventually expected to decay diffusively as 77¢/2,
where d is the dimensionality of the exchange-
coupled network (1). For d=1 or 2, the integral
in (29) does not converge and T, cannot be defined
so simply. Nevertheless, exchange narrowing
can be analyzed in terms of non-Lorentzian diffu-
sive profiles, which were first demonstrated® in
the one-dimensional (1D) antiferromagnet
N(CH,),MnCl, (TMMC), with s=3 sites, and sub-
sequently in other 1D systems with s=3 Cu(II)
sites® and in the 2D antiferromagnet® K,MnF,.

Even modest exchange between the low-dimen-
sional subsystems may preclude observing non-
Lorentzian lines.?* Then (29) and (30) are again
valid, with the proviso®? that secular and long-
wavelength (g =0) contributions to M, may be
slightly enhanced. Nonsecular M, terms induce
AM,#0 transitions and thus have an explicit®®
time dependence of cos AM w,t in (8) which sup-
presses diffusive behavior at long 7. The greater
AH found in low-dimensional systems is conse-
quently correlated with the secular parts of ',
which are enhanced on account of the slow decay
of (7).

We now show that spin diffusion does not enhance
the secular part of antisymmetric terms in 3¢’
when the sites are at centers of inversion. We
introduce Fourier components® of the spin by

Siu=N"/2 Z S, exp(iq-T,) , (31)
3

where the sum is over the square-planar lattice.
The wave vectors 4= (q4,q,) are restricted to the
first Brillouin zone and satisfy periodic boundary
conditions for N sites at spacing a; thus gq,= 21rm,/
Na and q,= 2nm,/Na are continuous on the interval
(-m,7) in the limit N=~<. At high T, (S ,(7)S_..,)
obeys a diffusion equation® and goes as

(Sqa(T)S-ga(0)) = (S 1 Sqar ™27 (32)

at long 7, where D is the diffusion constant. The
broadening terms 3¢’ lead to four-spin correla-
tions whose decoupling®?* in q space has been
carefully discussed for the case of symmetric (di-
polar) interactions. A similar treatment of the
secular part of the antisymmetric part of 3¢’ yields

wSAEC(T) - Z I(x:y)aP(sas(T)S-iz 2 ’ (33)

where we have neglected several multiplicative
factors that do not depend on 7 or 4. The Fourier
component (A\4)3 is given by

(A\qs)e = 2 Mo se €xp(id" Ty ) (34)
]

and, as indicated in (24), the secular component
is kept in (33). The condition (22) now simplifies
(34) to terms that go as singa and sing,z on sum-
ming over the nearest-neighbors of site ;. Sym-
metric contributions, by contrast, go as cosgq,a.
At long time, the ¢~ 0 components dominate in
(32) and it is precisely these components of the
secular contributions that are enhanced.® The
g~ 0 antisymmetric contributions are seen from
(34) to vanish when there is a center of inversion
at site 7 and consequently are not enhanced. Any
enhancement of secular contributions in PTACuCl,
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or PDACuCl, must then reflect symmetric terms
in 3¢,

III. EXPERIMENTAL

Single crystals of PDACuCl, were grown from
saturated aqueous solutions containing stoichio-
metric amounts of 1-3-propanediammonium-2HC1
and CuCl,- 2H,0. Analysis: C,13.01; H,4.35; CI,
50.24; Calculated for C,H,,N,CuCl,: C,12.80; H,
4.30; C1,50.38. Standard Weissenberg and pre-
cession x-ray methods were used to identify crys-
tal directions for subsequent EPR rotation axes.
The space group and cell constants obtained were
identical to those reported by Phelps ef al.'' in
structural and bulk magnetic studies of PDACuCl,.
The orthorhombic space group Pnma has cell di-
mensions a="7.20, b=18.25, and c=7.45 A. As
shown schematically in Fig. 1, the CuCl, unit has
two Cu-Cl bonds of 2.275 A nearly in the plane and
two more at 2.314 A nearly perpendicular to the
plane. The two longer Cu *-+Cl separations nearly
in the plane are 2.946 A. The angle of the
Cu-Cl ++ *Cu bridge is 165.7° and is presumably
the principal superexchange pathway. The layer
is puckered by canting CuCl, units by 1.6° and
9.6° in the a and ¢ directions, respectively. Ad-
jacent CuCl, layers are canted in alternating di-
rections. These layers are separated, at 3b
=9.12 Z\, by layers of protonated-amine counter
ions.

Single crystals of PTACuCl, were kindly pro-
vided by J. S. Valentine and were similar to those
reported!? in the preparation and structural de-
termination of Becton’s salt. The monoclinic
space group P21/c has cell constants a=17.69, b
=7.94, and c=8.06 A and 8=91.6°. The general
structure in Fig. 1 now has two short CuCl bonds
of 2.302 A nearly in the plane, two short bonds of
2.271A nearly perpendicular to the plane, and two
long bonds of 3.257 A nearly in the plane. The
Cu-Cl- + * Cu bridging angle is 167.4°. The inter-
layer separation of c=8.06 A is ~1 A shorter than
that of the PDA system. The Pt(NH,),** counter-
ions reside in the interlayer region.

EPR spectra were collected on a standard Var-
ian E12 spectrometer operating at X-band (~9.5
GHz) microwave frequencies and using 100-kHz
modulation of the magnetic field. Crystals were
mounted on quartz rods which were affixed to a
goniometer capable of 360° rotation. The posi-
tion of the single exchange-narrowed EPR line and
the peak-to-peak derivative linewidth AH were
measured in the CuCl, plane and in planes con-
taining the normal to the CuCl, layer. The tem-
perature dependence of AH was measured in the
range ~20-300 K for the applied field H, parallel
and perpendicular to the z axis (Fig. 1). Tempera-

tures were achieved and controlled by an Air Pro-
ducts liquid-helium transfer refrigerator and mod-
el OC-20 temperature controller. A calibrated
Chromel-Iron alloy thermocouple placed in the
sample area was used to measure temperature.
Additional data in the range 100-300 K were col-
lected with a Varian V6040 model temperature
controller, using liquid N, and calibrated by a
Chromel-Alumel thermocouple. The accuracy of
the temperature measurement is estimated to be
+3 K for both cases.

In addition to xy recorder traces of the EPR
spectra, digital data were collected at several
temperatures onthe PDACuCl, sample, using a
Northern Scientific NS-550 Digital Memory Os-
cilloscope (DMO). The NS-550 was interfaced to
the E-12 so that the spectrometer x-axis drive
output (available as 1024 pulses) could scale the
1024 memory boxes of the DMO. A full-scale
deflection on the y axis (1 V nominal) was con-
verted into 1000 counts of digita data, with a pre-
cision of about +5 counts (including spectrometer
noise.)

A. Results

A single, almost axial g tensor describes the
position of the EPR absorption in both PTACuCl,
and PDACuCl,. The z principal axis in Fig. 1 is
perpendicular to the plane and has g, = 2.055
+0.005 for the PTA crystal and 2.053 + 0.005 for
the PDA crystal. Such values are typical'** for
CuCl,* complexes and are understood by noting
that the CuCl,*" units based on the short Cu-Cl
bonds have a common g7 along the z crystal axis.
The PDA crystal has an isotropic g,=2.169 +0.005
in the xy crystal plane, to within the +0.002 ac-
curacy of the experiment. Since the long Cu---Cl
axes in the layer corresponding to g for a com-
plex are at right angles, the g, of the crystal is
3(gm+g™ for an individual complex.”® The mag-
nitude of g, is in the correct range, since Cu(II)
complexes with 4+ 2 coordination have g7 - 2
~4(g™-2). The single EPR absorption in the xy
plane is an immediate consequence of exchange
coupling between differently oriented complexes,
with J,> p,|g, -g,|H,. As shown in Fig. 3, the
PTA crystal has a small but quite reproducible
anisotropy |g,, —gy| =0.008 +0.002 in the xy plane.
The average value g, =3(g, +g,) = 2.156 +0.005 is
again typical of such layered CuCl,*" salts. The
15-G shift between the maximum and minimum po-
sition of the absorption in the xy plane correlates
with the deviation of the angle f=91.6° of the
monoclinic PTACuCl, structure.'? An angle 6
=91.6° between the long Cu- * * Cl axes of the com-
plexes yields, to lowest order in Ag/g
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FIG. 3. Position of the exchange-narrowed EPR line
in two PTACuCl, crystals (x and @) for H in the xy plane.
The solid line is a theoretical fit [ Eq. (35)] based on
structural data.

&(¢)=g,(1 —asin2¢ cosd) (35)

for the angular variation of the absorption in the
xy plane. The constant a is 2|g|, —gll/gl in terms
of the crystal g values. The theoretical curve (35)
is plotted in Fig. 3 for 6=91.6, as obtained from
x-ray data, and contains no adjustable parameters.
The temperature dependence of the peak-to-peak
derivative linewidth AH of the two crystals is
shown in Fig. 4 for an applied field along the z axis
and in the xy plane. The rapid increase below
20K is an indication of incipient spin ordering
and will not be discussed here. Above this re-
gion, both complexes have symmetric Lorentzian
absorptions. Within the experimental error of
+1 G, an isotropic AH (T) was found in the xy
plane. Both systems show in Fig. 4 a greater

60

i o Holl
50F o +Hol ++j+
-+ +..
“» 40 s
(2] [} 3_ ‘p.
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o 30k & 3
- |+ +*+ : « 7 :
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CR% v
+ +
{0 i t’t*
0 1 1 1 1 1 1 1 U - 1 1 1 1
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T (°K)
FIG. 4. Temperature dependence of the linewidth
AH in PTACuCly and PDACuCIl, for H, in the copper
plane (perpendicular to z) and along the normal to the

plane (parallel to z). Both crystals show rapidly increas-
ing AH below about 20 K.
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FIG. 5. Analysis of the shape of the EPR absorption in
PDACuCl, at three temperatures. The digital data indi-
cate a Lorentzian absorption within experimental error.

variation in AH (T) than in AH,(T).

Since the PDACuCIl, crystal has the greater in-
terlayer separation by about 1 f&, it was expected
to provide a better test for possible deviations
from a Lorentzian profile. Digital data were col-
lected at several temperatures and plotted in Fig.

5 in the usual manner®?"%® to display possible
deviations from Lorentzian behavior. While some
non-Lorentzian behavior might be argued at 296 K,
the data in Fig. 5 can be characterized as Lo-
rentzian within the accuracy of the measurement.
As has already been discussed, deviations are by
no means easy to measure in two-dimensional sys-
tems. Our subsequent analysis is based on Lo-
rentzian profiles, with peak-to-peak linewidths

of AH.

As can be seen from Fig. 4, the PTA system
has a far larger anisotropy in AH than the PDA
crystal. The angular anisotropy AH(6) for
PTACuCl, at room temperature is shown in Fig.

40 T

PTA CuCls

W
(&

AH (gauss)

AH; (1-.22 Cos? @)

i 1 1 1 1 1
(o} 30 60 S0 120 150 180
9z 0 1 9z

FIG. 6. Angular variation of the PTACuCl, linewidth
at 300 K on rotating the crystal from H;, normal to the
copper plane (6=0) to H; in the copper plane (9 =3).
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6. The ¢ variable can be suppressed, since AH
is isotropic in the xy plane. The rather modest
angular anisotropy shown by these crystals tends
to limit the accuracy of parameters derived from
single-crystal EPR data. Nevertheless, the gen-
eral features of an axially symmetric AH(6) will
suffice to identify the broadening contributions in
e’

IV. LINEWIDTH ANALYSIS

The single exchange-narrowed Lorentzian EPR
absorption of either PTACuCl, or PDACuCl, in-
dicates that (30) is applicable in the form

AH=2M,(BJ)/ V3w gy (36)

The computation of M,(8J,) was discussed in Sec.
IIA for various broadening contributions to 3’.
Since the spin dynamics are not fully understood,
we write 7;'=w_,, and treat w,,, as a parameter
with an unknown temperature dependence. At high
temperature, w,,, is of the order of J,/F~ 2% 10° G
for both PDACuCl, and PTACuCl,. Static suscep-
tibility data!! yield J,/k;=15.4 K in the former;
the value J,/k,~18 K found? in several other
CuCl,* salts is used for the latter until an accu-
rate determination is made.

Such large values of w,2 2X10° G clearly elim-
inate all broadening contributions 3¢’ whose second
moments are less than 10° G2, For example, the
dipole-dipole interaction between s=3%,g~ 2 mo-
ments separated by more than 5 A yields M,
~10° G?, which is at most comparable to the 1 G
experimental error in the measurement of AH.
Hyperfine constants for Cu(Il) sites with 4+2 co-
ordination are about A,~200 G and A, ~ 20 G; the
resulting M,~ A? also makes a negligible line-
width contribution. The g-tensor inequivalence
of the CuCl,*” complexes in the xy plane leads to
an M, contribution that goes as cos? 2¢ for H, in
the plane. The amplitude of ~(g, —g,)?u3H2/2g)?
is negligible at X band (H,~ 3.3 kG) and is on the
order of 10° G* at @ band (H,~ 12 kG). The Q-band
AH of PTACuCl, is at most 1-2 wider® and does
not show a cos?2¢ angular dependence, thus ruling
out this broadening contribution even at higher ap-
plied fields.

Essentially the entire AH of both PTACuCl, and
PDACuCl, must consequently reflect other broad-
ening mechanisms. In view of the large J, and the
known®” corrections to isotropic exchange arising
from spin-orbit coupling, it is natural to consider
antisymmetric and symmetric anisotropic exchange
contributions to AH. Both lead to nearest-neighbor
interactions of the kind analyzed in Sec. II.

We begin with the more familiar®® symmetricaniso-
tropic term, the D tensor. Its magnitude® is of the or-

der of (Ag/g)?J,~ 10°G and its principal axes coincide
with those of the g tensor. It dominates®?’ AH
when J, is large. For the idealized geometry (Fig.
1) of exchange between CuCl,>" complexes with or-
thogonal long Cu---Cl axes in the xy plane, it can
readily be shown?® that the crystal D tensor isagain
axial, with the symmetry axis along 2. The princi-
pal axes of the D and g tensors of the crystal still
coincide. The latter are known from the position
of the resonance. The coordinates in Fig. 1 may
then be used for the symmetric anisotropic inter-
action,’

D tam -t
35 =% Z 3 {(3c0s%0 = 1)[s,,5,0, —4(stsy +57s%)]
{nn’)

. 1
+38in6 cosfz(s,,S; +SiSw .+ H.C.)

+3sin®05(stsy, + Hoe.)l (37)

n

Here H.c. indicates the Hermitian conjugate,

{n,n’) is restricted to nearest neighbors in the
plane, and 6 is the azimuthal angle of the field

H,. The angular dependence of 3Cg is known in ad-
vance from the principal axes of the g tensor. The
magnitude of D is the only adjustable parameter.
The coefficients A3, ., of (11b) are explicitly re-
lated in Table I to 3. Then (26a) and (26b) give
the secular and nonsecular contributions to M$(8J,).
For the square-planar lattice (z=4) we obtain

ME(0) = 52D*(1 + cos?) (38)

for the entire (secular and nonsecular) broadening
due to (37). The temperature dependence of
M3 (BJ,) is then given by (27).

The antisymmetric correction d -3, X §; has not
been characterized quantitatively in these sys-
tems. Although d is potentially as large as (Ag/
8)d,, it vanishes by symmetry when the two ions
have a center of inversion midway between them.®
Figure 7 shows schematically the local Cu-+-Cl-
Cu pathway. If the Cl were in the plane, by tilting
the octahedra by a, then there would be a C, axis
and d would be along the Cu-Cu separation. If, in
addition, the Cl were midway between the coppers
(a shift of ~0.5 A) then d would vanish on account
of the center of inversion. Strictly speaking, the
actual structure places no restriction on either the
orientation or magnitude of d. Nevertheless, it is
likely that 4 is along the Cu-Cu direction and that
it is far smaller than its possible maximum of or-
der (Ag/g)d,.

The experimentally observed AH in both crystals
were axially symmetric about 2. Since the symme-
tric anisotropic contribution (38) is also axial,
there are essentially only two choices for the di-
rection of d. Either d is along 2 for all pairs or
d is along the Cu-Cu separations, which leads to
equal numbers of orthogonal d vectors in the xy
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TABLE 1. Coefficients for anistropic (37) and antisymmetric (39) exchange for a square-
planar layer, with the polar angles (6, ¢) of Hj indicated in Fig. 1.

Symmetric anisotropic
exchange [Eq. (37)]

Antisymmetric
exchange [Eq. (39)]

viy
ixje ™

$...o= AS.: L=
ivie izjy ixjy

3A{ge.=D(3cos?0-1)

2A3ys =—Ajgjp + D sin?8

=—Agj.—Dsin%0
Aizix =D cos6siné

=A% )‘%ij=0

dll2: AA, =dsinf cos¢

ixjy

A%+ (M) = d¥1—sin?6 cos?)
dllp - A;,=dsin6 sing

A2+ (AB,2)%= d%(1—sin?0 sin%p)

plane. The antisymmetric contribution to 3¢’ is

ser =1 d -3 xs, (39)
A 2 n’ n n
(nn’)

for nearest neighbors n,n’ in the plane. The x:a,,,s

coefficients of (11a) are related in Table I to (39)
for dll £ and for dll §. The secular contribution (19)
and the nonsecular contribution (20) to the second
moment (21) is given, at high temperature, by (24)
to be

M (0)= &£2zd?(2 + sin%6). (40)

We have again used z=4 for the square-planar
lattice and have also used the fact that each Cu(II)
has two neighbors along £ and two along §. It is
evident that (40) preserves the axial symmetry of
AH and gives AH,> AH, in (36). The alternate
choice of dl|2 for all complexes leads to the

1+ cos?0 angular dependence of M,(0) and thus al-
ways predicts AH, to be larger than AH,, in dis-
agreement with experiment. The experimental da-
ta at once place the orthogonal d vectors in the

xy plane, but without direct evidence for the choice
(39) of d along the Cu-Cu directions.

z ® = Cu
o=C{

Q]
0

—

TN I

FIG. 7. Schematic representation of the CuCl,2~ octa-
hedra in the xy plane. Each Cu has two additional short
Cu-Cl bonds above and below the plane of the paper.

in xy plane

A. Evaluation of parameters

We showed that dipolar, hyperfine, and g-tensor
contributions to M, were negligible. The remain-
ing antisymmetric exchange (39) and symmetric
anisotropic exchange (37) yield an axial M,(6,7),

M8, T) = {MAO)F ,(RT/J,) + MS(O)F ((kT/Jo) xc/X(T).

(41)

Here M#(6) and M$(6) are the high-temperature
second moments (40) and (38), respectively, and
involve the adjustable parameters d and D. The
temperature-dependent factors F ,(kT/J,) and
Fs(kT/ J,) for a square-planar Heisenberg ferro-
magnet are given in (25) and (28), respectively,
and are plotted in Fig. 2. We showed in Sec. IIB
that the secular components of the antisymmetric
exchange broadening are not enhanced by low-di-
mensional effects in systems with local moments
at centers of inversion. Possible enhancements of
the secular components of 3§ would lead to devia-
tions from Lorentzian profiles and to enhanced
(3 cos?6 - 1) angular behavior.%23 The digital data
in Fig. 5 and the angular data in Fig. 6 show neither
deviations from Lorentzian shape nor minima at
3cos®0=1. Thus we use the unenhanced results
M%(6) and M5(6) in (41). Finally, the possible an-
gular variation of the effective modulation w,,, can
usually be neglected.!®* Exceptions may occur in
low-dimensional systems with strong g =0 enhance-
ment, as shown in Ref. 23, where AH and M, can
have different angular dependences. According to
the approximation (36), this would yield an W qe that
depends on angle. However, we have shown that the
q=0 component of the antisymmetric exchange con-
tribution vanishes and have no evidence for g=0
enhancement of the smaller symmetric term. Thus
W,re is expected to be approximately isotropic.

Substitution of (41) into (36) then shows that
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FIG. 8. Evaluation of the ratio of antisymmetric (d)
and symmetric anisotropic (D) exchange in PTACuCl,
and PDACuCl,, based in Eq. (42). There are no adjust-
able parameters.

AH(6,T) goes as 1+ccos®6 at any T, with ¢> 0
when 3C; dominates and ¢ <0 when 3/, dominates.
The 300 K data for PTACuCl, are fit in Fig, 6 with
c=-0.22. A high T, both F, and F are close to
unity (Fig. 2) and the ratio AH(0)=AH, and AH(37)
=AH, yields, from (38) and (40)

AH,/AH, =1+ c=(4D?+ 2d°%)/(2D? + 3d°). (41)

The experimental value of ¢~ -0.22 for PTA-CuCl,
indicates that (d/D)? is approximately 6. At 300 K,
AH, is slightly larger than AH, for PDACuCl, also
(Fig. 4); this indicates (d/D)?>>1 in that system as
well.

By considering the ratio AH,/AH,, we may elim-
inate the (unknown) temperature dependence of w,q,
in (36). A slight rearrangement of (40), (38), (41),
and (36) yields

(i)zz 5 Fs(BI)(28H, - aH)
D) " "F,(BJ)(3aH, -28H)

(42)

The right-hand side of (42) contains the observed
linewidths (Fig. 4) and the calculated static cor-
relations (Fig. 2) for symmetric and antisymmetric
perturbations. Static magnetic data give BJ,=15.4/
T for the PDA system and about 18/7 for PTA.
Thus (42) allows an evaluation of d/D without any
adjustable parameters and without having to speci-
fy the temperature dependence of w,,,. Figure 8
shows that (d/D)? is reasonably constant at 5.6

+1 for PTACuCl, and at 2.2+ 0.6 for PDACuCl, for
kT>3J,~ 50 K. The low-temperature increase of
AH in Fig. 4 is, as already mentioned, related to
the incipient transition to an ordered state. The
no-parameter fit in Fig. 8 illustrates the self-con-
sistency of the assumed broadening mechanisms
and of the static spin correlations leading to Fg
and F,.
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3 ®,0 PDA CuCl4 o
9 a
w or L d2/weft
3 .
X 30+ . S .
~N
°. - .
%S 20k "e o © -
3 o ° .
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FIG. 9. Residual temperature dependence of D%/w ¢
[Eq. (43a)] and d%/w [Eq. (43b)] in PTACuCl, and
PDACuCl,.

Thus d and D are comparable in these systems.
The latter can often be estimated from (Ag/g)*J,,
which then provides an estimate for d as well. As
expected from the near occurrence of a C, axis
(Fig. 7) connecting adjacent Cu(Il) sites, the anti-
symmetric exchange is in the layer and is far less
than (Ag/g)J,. In addition, the more strongly T-
dependent antisymmetric contribution in the layer
accounts for the greater slope of AH (T) than
AH(T) in Fig. 4 for both systems.

The temperature dependence; if any, of w,(7)
can also be measured from the data in Fig. 4 and is
required for accurate determinations of D or d.
Rearranging (36), (38), (40), and (41) yields

D?* V3 (3aH, - 28H)X(T)

= 43
Wets 4F 5(BIo)xc ’ (43a)
d* V3 (248H, - AH)X(T)
Wets - 2F 4(BJ,) Xc ’ (43b)

Figure 9 shows that both D?/w,, and d*/w 4, con-
tain significant temperature dependence, arising
from some combinationof w,(T) or D(T) or d(T). Any
of these quantities have temperature dependences
once lattice vibrations and thermal expansion of the
crystal are considered. In effect, the static cor-
relations F , and Fg account without additional pa-
rameters for about half of the temperature depen-
dence of AH in Fig. 4 and show that d/D is essen-
tially constant. The remaining temperature depen-
dence of AH does require additional param-

eters, for example, those arising from a nonrig-
id lattice.

V. DISCUSSION

The present work relies implicitly on recent
demonstrations® that the estimate (30) for the ex-
change-narrowed linewidth AH can be made quan-
titative in spin systems containing only dipolar or
hyperfine contributions to 3¢’ when high-tempera-
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ture spin dynamics are applicable. In favorable
cases no adjustable parameters are needed, since
dipolar contributions to 3’ can be computed from
the crystal structure and J; is known from static
data. The fact that complete agreement between
calculated and observed linewidths is nevertheless
rare points to additional contributions to 3¢’ and/or
to more complicated dynamics at room tempera-
ture and below. It is easy to show that s=73 sites
in CuCl,*" sheets have insufficient dipolar, hyper-
fine, or anisotropic g-tensor coupling to produce
AH~50 G for J,/A~2%10° G. The method of an-
alyzing the dominant antisymmetric and symmetric
anisotropic exchange corrections then involved us-
ual single-crystal techniques. Similar methods
can be used whenever AH is dominated by an 3¢’
term whose amplitude and angular dependence are
to be found.

The present systems offer several constrasts to
dipolar broadening in antiferromagnetic K,MnF,
layers.>2® There, the occurrence of orthogonal
Mn-Mn vectors in the plane, in contrast to the
common 6 dependence of the symmetric anisotrop-
ic contribution (37), led to a different angular de-
pendence for the secular part of M, and its g=0
component. Thus the angular dependence of w,,
observed in K,MnF, would not be expected even
for the symmetric exchange broadening in these
CuCl, layers. The larger antisymmetric term,
which vanishes in K,MnF,, has no ¢=0 component
to be enhanced and thus also has w,, essentially
independent of angle.

Another important advantage of single-crystal work
is the possibility of eliminating unknown parameters
like w,,,(T) which are essentially independent of
orientation. This was illustrated for the ratio d/D
(Fig. 8) of these two CuCl*" systems. The remain-
ing temperature dependences in Fig. 9 then offer
tests for improved theories. For example, spin
correlations in low-dimensional systems can also
be expected to enter in w,(T), although the pre-
cise manner is not yet known. This approach does
not go beyond the rigid-lattice approximation of
3G, +3C". Alternately, postulating a nonrigid lattice
introduces a variety of relaxation processes whose
coupling constants are adjusted to fit available ex-
perimental data.

Zaspel and Drumheller'” have considered the
thermal expansion of the CuCl,2" lattice as a way
of decreasing J, with increasing temperature. This
clearly provides a uniform scaling of AH(8, ¢) in
(36) through a common w ,(T)~ J(T)/%. A sur-
prisingly soft lattice was postulated to account for
the entire variation of AH(T). The different be-
havior of AH,(T) and AH (T) in Fig. 4 immediately
rules out this model as the only source of T de-
pendence. About half of the AH(T) variation are

consistent with the static correlations F ,(T/J,)
and F4(kT/J,), which involve no adjustable param-
eters. The residual temperature dependences in
Fig. 9 could be assigned to a thermal expansion
Jo(T) of a stiffer lattice. The comparable fraction-
al changes of d*/w,,, and D*/w 4, in Fig. 9 for both
crystals is consistent with a single J,(T) in these
closely related structures. A change in J, by less
than a factor of 2 between 60 and 300 K would be
required in such a model. We are not aware of da-
ta that either strongly supports or rules out such
an interpretation.

Seehra and Castner'® have emphasized that pho-
non modulation of d quite generally yields a AH(T)
proportional to 7', but their estimate of d as (Ag/
g)(aJo/aR) is not convincing. Consider, for exam-
ple, a torsional oscillation of the complexes in
Fig. 7 in which the angle a changes to produce a
C, axis. Such a low-energy, and thus easily ex-
cited, mode affects the orientation of d without
changing R. The main point'® is that phonon modu-
lation of d may be particularly important. The da-
ta in Fig. 8 show that d/D is constant and compara-
ble in PTACuCl, and PDACuCl,. Thus d is far
smaller here than its theoretical maximum of (Ag/
&)J,. The residual T dependences of d?/w,,, and
D?/w 4, in Fig. 9 clearly show that, for fixed w,,,,
d?and D? have comparable temperature dependences.
While the phonon modulation of d is qualitatively
consistent with the greater variation AH,(7) than
AH(T), it is clearly insufficient (even with an ad-
justable parameter) to account for the single-crys-
tal data. In our opinion, the strongest evidence for
phonon modulation is the behavior of AH(T) at high
T, where static correlations are less important,
and such increases are also observed® in systems
in which d=0 by symmetry. Thus both symmetric
and antisymmetric 3¢’ contributions are probably
modulated, but no adequate theory is presently
available for using AH(T) data to deduce such ad-
ditional relaxation parameters.

A few approximate calculations® of w(T) for a
rigid lattice are available. When short-time or
nondiffusive contributions dominate ¥(7), then the
temperature dependence®®*3° of the fourth moment
M(BJ,) gives the familiar estimate® w?~3M,/M,.
Alternatively, spin diffusion occurs even when 3¢/
=0, and the temperature dependence® 3! of the dif-
fusion constant is another estimate for the modula-
tion w,,,, presumably when long-time effects are
important. While computations for linear chains
are far more complete than for layers, the quali-
tative features of w,,(T) are probably unchanged
and can be treated generally for either ferro or
antiferromagnetic coupling. The theoretical meth-
ods are not entirely consistent, but all lead to
small changes of < 10%in w_,, over the temperature
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range of interest here. We consequently do not ex-
pect purely rigid-lattice contributions to account for
the residual temperature dependences in Fig. 9.

Thus, the high-T estimate w,~J,/7, which can
be improved, cannot be safely used to evaluate
|d| or |D| on account of probable additional con-
tributions to AH. Modulation of |d| or |D| is less
important at low 7, but there the spin dynamics
are not sufficiently well understood to improve on
the estimate w,,~J,/#~ 2% 10° G. The value of
d?/w44,~ 30 G in Fig. 9 thus leads to || ~2.5
x10° G~ 0.25 cm™ in both PTACuCl, and
PDACuCl,. The qualitative values of |D|~0.10
em™ for PTACUCI and |D|~0.15 cm™ for
PDACuCl, can be obtained similarly or from the
more accurately known ratio (d/D)? in Fig. 8. More
accurate determination of the absolute values of
|d| and |D| clearly require systems in which
Wge(T) can be analyzed.

The temperature dependence of exchange-nar-
rowed EPR lines arising from short-range spin
correlations poses general theoretical problems
which are only beginning to be resolved. Spin dif-

fusion is important in square-planar antiferromag-
netic layers with dipole broadening® (e.g.,MnCl,*"
salts), but such an approach fails® for the one-di-
mensional antiferromagnet and is qualitatively in-
consistent with the behavior of square-planar ferro-
magnets such as CuCl* salts. It is increasingly
evident that different dimensionality, different
broadening mechanisms, and different roles of dif-
fusion and of spin correlations must be considered
in various systems. While these different special
cases are all contained in the general theory, no
simple general development is feasible and still
further cases will require future examination. The
present treatment focuses on antisymmetric and
anisotropic exchange in ferromagnetic layers and
emphasizes single-crystal techniques for extract-
ing information from the exchange-narrowed ab-
sorption.
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