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The 9-GHz data on the electron-paramagentic-resonance linewidth of a two-dimensional spin—% anti-
ferromagnet [Cu(HCOO),-4H,0] have been reanalyzed just above the Néel temperature Ty. The tem-
perature dependence of the critical broadening contribution observed between 2Ty and 1.5Ty
[Ty=17 K] is exponential in 1/T with an isotropic characteristic energy and is in very good agreement
with the £° dependence (£=spin-correlation length) predicted by theory. The data suggest the critical
spin fluctuations depend only on a single parameter, the spin-stiffness constant.

The study of quantum fluctuations of two-dimensional
(2D) spin-1 quantum antiferromagnets has been
significantly revived with the discovery of the high-
temperature cuprate superconductors. There have been
numerous experimental and theoretical studies of these
systems in the last several years with recent reviews of
this subject by Manousakis' and Birgeneau.2 Although
neutron-scattering results® for La,CuO, have yielded the
temperature dependence of the spin-correlation length in
agreement with theoretical predictions*> of an exponen-
tial temperature dependence for this length, efforts by ex-
perimentalists®~® to observe the critical behavior of the
electron-paramagnetic-resonance (EPR) linewidth associ-
ated with the planar 2D antiferromagnetically coupled
lattice of Cu?* ions have been unsuccessful. Although
EPR signals from Cu?* have been observed due to non-
superconducting phases, the failure to observe the signal
due to the Cu®" ions in the cuprate planes has been attri-
buted®® to the strong dependence of the EPR linewidth
on the correlation length and the large Heisenberg ex-
change, resulting in very large spin-correlation lengths at
temperatures just above the Néel temperature (T > 300
K for La,CuO,). Chakravarty and Orbach® (CO), and
more recently Lazuta,!® have calculated the temperature
dependence of the EPR linewidth for the 2D S-1 case.
The CO calculation for La,CuO, yields a width of 100
kG at 400 K and 13 kG at 500 K, thus offering one ex-
planation why experimental attempts® up to 600 K to ob-
serve the planar Cu?* signal have been unsuccessful.
However, there are other 2D S-1 copper salts that were
studied more than two decades ago. One of these, copper
formate tetrahydrate [Cu(HCOO),-4H,0)], exhibits a
Heisenberg exchange interaction between planar Cu?™*
ions of order 100 K and a Néel temperature of 17 K. We
studied!! the temperature dependence of the EPR
linewidth between 24 and 300 K. It exhibited a linear
temperature dependence of the linewidth between 2Ty
and 20Ty which was explained!""!? by phonon modula-
tion of the Dzialoshinsky-Moriya (DM) interaction. Al-
though critical EPR linewidth broadening was reported
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in this work, no detailed analysis of the data between
1.5Ty and 2T was done because of a lack of relevant,
plausible theoretical predictions at that time. Below we
reanalyze the critical behavior of the EPR linewidth ap-
proaching Ty and compare it with the theory.>!® These
results give experimental evidence supporting the theory
and further elucidate the difficulty of obtaining similar
EPR results for the cuprates.

Cu(HCOO),-4H,0, which was first suggested as a 2D
antiferromagnet by Martin and Waterman,!? has a lower
symmetry (monoclmlc, P2,/a, with a =8.18 A b=8.15
A, and ¢=6.35 A) than the cuprates and the two Cu?*
ions in the unit cell are inequivalent with different g ten-
sors. This latter feature leads to exchange broadening'*
of the EPR linewidth at larger magnetic fields. The indi-
vidual formate ions [(HCOQ)™ ] are actually tilted out of
the a-b plane in a complex manner leading to more com-
ponents of the DM antisymmetric exchange vector than
in the cuprates. It has been demonstrated!? that the DM
interaction makes the dominant contribution to the
second moment and to the magnitude of the exchange-
narrowed EPR linewidth well above Ty. Although the
individual components of the DM vector for copper for-
mate have not been determined an estimate of the DM
exchange interaction has been determined from the anti-
ferromagnetic resonance (AFMR) experimental results.'
The theories of the critical spin fluctuations for the 2D
S-1 case depend solely on the Heisenberg exchange J and
the temperature. An early estimate'® of J~71.5 K for
Cu(HCOO),4H,0 came from the susceptibility max-
imum near 65 K and a comparison with the high-
temperature series expansion formula for the 2D S-1
case. More recently larger values of J have been deter-
mined from neutron-scattering results!” on deuterated
copper formate [Cu(DCOO),-4D,0], which have yielded
values of J of 89 K from the temperature dependence of
the spin-correlation length and 108 K [9.3+0.1 meV]
from the spin-wave dispersion curve. We suggest this
latter value of J to be the most accurate value determined
to date for the copper formate system.
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The EPR measurements were made at both 9 and 36
GHz in a temperature range from just above Ty to 300
K. Only the 9-GHz results in the temperature range 24
to 44 K will be considered here. In the AF phase there is
a field of order 5.3 kG above which the equilibrium orien-
tation of the spin sublattices is altered from that in the
low-field regime. At 9 GHz the exchange broadening
contribution to the EPR linewidth is negligible (<3%)
and the critical behavior of the EPR linewidth should be
very close to that expected at very small fields. In Fig. 1
the EPR linewidth is shown versus temperature for the
magnetic field along the directions L,, L,, and L, [L,
lies along the b axis, L, is close to the a axis in the ab
plane, and L, is perpendicular to the ab plane]. The
linewidth shows a minimum at 34, 35, and 32.5K for L,
L,, and L,, respectively. At 36 GHz the minimum
linewidth temperature shows considerably more anisotro-
py. Above the minimum the linewidth shows the slow
linear increase with temperature that has been discussed
in Refs. 11 and 12. The rapid increase in the linewidth
below the minimum results from the critical spin fluctua-
tions and is observed readily between 2Ty and 1.5T.
The linewidth for the field along L, continued to broaden
below 1.5Ty, but the line shape became asymmetrical
and the linewidth analysis became less certain. To obtain
the extra linewidth due to critical behavior the slowly
varying portion of the form a+BT was subtracted from
the total linewidth. The values of a and 8 for the L, L,,
and L, directions are given in Table I. In Ref. 11 the
slope of the linear temperature dependence was deter-
mined from data above 70 K which led to different values
of a and B than those employed here. Practically, the
critical broadening portion of the linewidth from the data
in Ref. 11 is too small to be determined as the tempera-
ture approaches the value where the linewidth is a
minimum and the smallest reliable values of excess
linewidth obtainable are of order 2 Oe. The excess or
critical linewidth broadening versus Ty /T is shown in
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FIG. 1. The 9 GHz EPR linewidth results for Cu(HCOO),
4H,0 for three mutually orthogonal field directions. L, lies
along b axis, L; is close to the a axis in the ab plane, while L, is
perpendicular to the ab plane.

TABLE I. Experimental linewidth parameters.

a B w

Field direction (Oe) (Oe/K) (K)
L, 9(2) 1.1(8) 4(03)

L, 16(6) 1.0(5) 40(8)
L, 3(5) 1.0(0) 421)

Fig. 2. Despite some scatter in the data the overall
dependence of the critical linewidth is best fit by an ex-
ponential temperature dependence for 1.5<7T /T, <1.9.
For the L, field direction the data extends over nearly
two decades in linewidth for a temperature range of only
8 K. The somewhat weaker signals for the L, and L,
directions permitted observation of the critical broaden-
ing over a smaller temperature range, however, the ex-
ponential temperature dependence is qualitatively and
quantitatively very similar to that for the L, direction.
The slopes [W, AH, <exp(W /T)] for the three direc-
tions are also given in Table I. The magnitude of the crit-
ical broadening for the L, direction is a factor of 3 small-
er than that for L,, but the temperature dependence is
nearly the same. This linewidth anisotropy is similar to
that observed in susceptibility data.!®* The susceptibility
anisotropy was explained in terms of the weak ferromag-
netic moment lying in the L,-L, plane. All components
of the EPR linewidth (the a, the BT, and the critical be-
havior) show a smaller magnitude for the field along L ;.
This is consistent with the largest component of the DM
interaction being along L; which is consistent with the
weak momentum lying in the L -L, plane. In Ref. 11 the
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FIG. 2. The critical contribution of the 9 GHz EPR
linewidth vs Ty /T for the three orthogonal field directions.
Within experimental error [less than 1 Oe] the slopes of In(AH ),
vs 1/T are the same for the three field directions. The slopes
(characteristic temperatures) are given in Table I.
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critical linewidth was compared with Mori’s theoretical
predictionl9 that AH, < 1/(T —Ty)", but the values of n
obtained were considerably larger than expected from the
theory. The apparent exponential behavior of the critical
broadening with temperature suggests a comparison with
the CO (Ref. 9) and Lazuta'® predictions.

The temperature dependence of AH, is given by® !0

2

o} > (T /2ap,)%"?

(A+T/2mp,)* ’

£

a

AH(T)=B (n

ex

where a),z, is the second moment M,, w,, is the Heisenberg
exchange frequency, p, is the spin-stiffness constant, and
£&/a is the ratio of the temperature-dependent spin-
correlation length to the spin-spin nearest-neighbor dis-

tance, which is given as

& _ exp(2mp, /T)

a S(1+T/2mp,) @

The constant B in (1) contains renormalization factors
and is the order of unity, but is not relevant for con-
sideration of the temperature dependence of the EPR
linewidth. Similarly, the constant prefactor (2) only
affects the magnitude of AH,. Chakravarty, Halperin,
and Nelson® have found a pure exponential dependence
without the factor in the denominator in a two loop ap-
proximation, whereas the one loop approximation yields
a 1/T prefactor. It is important to note that the critical
broadening is only a function of 27p, /T and that p, =kJ
where k is a constant in the range of 0.15 to 0.25 depend-
ing on the theory. We will employ k =0.18 as found by
Singh and Huse? and also in Ref. 4, however it is worth
noting that values in the 0.20 to 0.22 range have been ob-
tained in Monte Carlo calculations.?! In essence a single
parameter J determines the temperature dependence of
the EPR linewidth critical broadening. Despite differing
values of J from earlier studies J is now well enough es-
tablished!” to warrant comparing the calculated results
from (1) with the data.

Figure 3 shows calculated curves using J =108 K and
k =0.18 and the CO expression in Eq. (1). Also shown
are curves showing AH, x(£/a), (£/a), and (£/a)?
based on Eq. (2). The linear dependence on (§/a) has
been considered earlier by Mehran and Anderson®. It is
much too slow a temperature dependence to explain the
data. The cubed dependence on (£/a) is in good agree-
ment with the observed data for the L, field direction.
The CO expression yields a result that is intermediate be-
tween the (£/a)? and (£/a)® expressions for AH,. The
CO expression yields nearly the right slope for
Ty /T =0.66, but the slope and temperature dependence
is only one-half of the data at T, /T =0.5. What is par-
ticularly striking about the data is how closely AH,
seems to obey an exponential law in 1/7. The nonex-
ponential denominator in £/a in Eq. (2) is too small to
distinguish from the pure exponential in 1/7, however,
the (T/2mp,)>’/? term in Eq. (1) leads to some nonex-
ponential behavior not consistent with the data. One is
forced to conclude that the data for AH_ are varying
somewhat more rapidly with temperature than the CO
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FIG. 3. Calculated expressions for (AH). dependence on
(£/a)" [n =1, 2, and 3] and the Chakravarty-Orbach expression
in Eq. (1) vs Ty /T for J=108 K and k =0.18 are compared
with the data for the L, field direction. &/a has been calculated
with Eq. (2). The calculated curves have been arbitrarily nor-
malized to a value of 2 Oe at Ty /T=0.50. The CO expression
exhibits more curvature than the pure (£/a)" terms because of
the T°/2 term in Eq. (1).

expression for the parameters chosen.

Chakravarty and Orbach noted that Birgeneau sug-
gested the (£/a)® dependence of AH, for the 2D case on
general grounds. If one adopts the viewpoint that AH,
must be proportional to (£/a)*f(T) as in Eq. (1), that
(§/a) is purely exponential in 1/7, and that there is no
other contribution [f(T)=constant] to the temperature
dependence of AH, then one can force fit the
temperature-dependent data to a constant times (£/a)’
and obtain empirical values of p; (and J if k is given).
This leads to a value of p; of 21.(6) K, which is a factor
1.6 larger than that found by neutron scattering!’ for the
deuterated copper formate. This might imply that not all
of the temperature dependence of AH, is coming from
(E/a)? and that f(T) is increasing as T is decreased to-
ward Tn. However, the f(T) in Eq. (1) has the wrong
temperature dependence and actually decreases by a fac-
tor of 2 between 2T and 1.5T. Using k=0.18 we ob-
tain values of J equal 1(19), 12(0), and 1(24) K, respective-
ly for the L, L,, and L; axes from this forced fit. These
values average 12% higher than the 108 K used for the
calculated curves based on the spin-wave dispersion re-
sults.!” Alternatively, fitting the L, data with £/a given
by Eq. (2) reduces p; and J by 7% to 20.2 and 112 K, re-
spectively. The data is certainly consistent with a (£/a )’
dependence of AH,. A small nonexponential contribu-
tion to AH, in 1/T cannot be established from the
present data.

The magnitude of the critical broadening is also of in-
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terest. For the L, direction (@} /&,,)~16.6 Oe, B =3.0,
§/a=49.3 (for C,=0.5), and f(7)=0.0094 at
Ty/T=0.66 one obtains a value of AH,~1120 Oe, a
factor of 8 larger than the experimental value in Fig. 2.
The present theories®!° for the cuprate differ on the ori-
gin of the anisotropic exchange contributing to wlz, in Eq.
(1). CO employ the much larger antisymmetric aniso-
tropic exchange (DM interaction), while Lazuta claims
only the symmetric anisotropic exchange contributes to
the &3 portion of AH,(T) for the La,CuO, case (one com-
ponent of the DM interaction along the a axis). The low
monoclinic symmetry and the more complex superex-
change via the formate ion for Cu(HCOO),-4H,0 suggest
a more complex anisotropic exchange for this case than
for the cuprate. Our AFMR results!* show the sym-
metric anisotropic exchange would lead to a value of wf, 2
orders of magnitude smaller than that from the DM in-
teraction, which is more than a factor of 10 too small
to explain the experimental result. Understanding the
magnitude and anisotropy of AHT) for
Cu(HCOO),-4H,0 requires additional work.

A comparison of Cu(HCOO),-4H,0 with La,CuO,
shows that they have roughly comparable values of
Ty /J, but the Heisenberg exchange and the DM interac-
tion are at least an order of magnitude larger for the
cuprate leading to the prefactor w,z, /we, in Eq. (1) being
an order of magnitude larger or more for the cuprate.
The most important factor seems to be the high tempera-

ture required to obtain a sufficiently small value of £ /a in
addition to the larger value of (of, /.y, making it difficult
or impossible to observe the planar Cu?** EPR signal in
the cuprate. Our results show that a minimum in the to-
tal EPR linewidth is found at T /Ty ~2. If this were to
carry over to La,CuO, one would expect the minimum
EPR linewidth to occur in the 600-660 K range, but
measurements’ to 600 K on La,CuO, have already been
unsuccessful, thus making clear the problems in obtain-
ing EPR results for the planar Cu™ in the cuprates.

In summary the EPR linewidth data for
Cu(HCOO),-4H,0 in the critical regime is shown to vary
exponentially with 1/T for all three mutually orthogonal
field directions with virtually no anisotropy in the charac-
teristic temperature. The data is certainly consistent
with the & dependence suggested by Birgeneau and cal-
culated by theory, although uncertainties in the constant
k relating the spin-stiffness constant p; and the Heisen-
berg exchange J in this temperature range make it
difficult to establish whether nonexponential terms beside
that resulting from the £* temperature dependence con-
tribute to the EPR linewidth. The observed critical
broadening is consistent with the theoretical prediction
that critical spin fluctuations for a 2D S-1 antiferromag-
net depend only on a single parameter, namely, p, or J.
The magnitude of the critical linewidth is not yet under-
stood.
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