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The magnetic properties and critical

behavior of the quasi-two-dimensional

ferromagnets

[CcHs(CH,),NH;],CuBr,, with n=1, 2, and 3, have been studied. These compounds are typical of lay-
ered magnets in that they assume distorted layer perovskite structures in which copper(Il) bromide lay-
ers are sheathed by the bulk organic cations. Magnetization and susceptibility measurements show
strong ferromagnetic intralayer exchange of the order of 20-25 K with weak interlayer exchange cou-
pling of less than 1 K. The magnetic anisotropies are explored through EPR-linewidth analysis. The
critical exponent y and transition temperatures T, were determined by the measurements of ac initial
susceptibility and isothermal magnetization. By employing a static scaling law to analyze the data of iso-
thermal magnetizations near T, it was found that in a certain low-field and low-temperature region the
powder magnetizations are suppressed so that the scaling hypothesis no longer holds. It is shown from
the scaling analysis that the powder samples of these two-dimensional (2D) layer ferromagnets cannot be
classified as simple ferromagnets whose critical behavior is described by the usual 2D critical theories.

I. INTRODUCTION

The magnetic properties and critical behavior in layer
perovskite-type transition-metal salts with the general
formula (RNH;),MX, (R =an organic functional group,
M =a divalent metal ion, and X = a halide F~, Cl, or
Br) have been of particular interest for more than two
decades.! " !° Since a rich variety of nonmagnetic organic
cations produce large and variable separation between
the magnetic metallate layers, many attempts have been
made using these compounds to verify theoretical predic-
tions about two-dimensional (2D) and quasi-2D magnetic
systems. It is now firmly established that the phase tran-
sition for the ideal 2D Heisenberg system at nonzero tem-
perature is not related to long-range order, even though it
is characterized by an infinite initial susceptibility.'' ™'
In contrast, quasi-2D ferromagnets, which are systems
that deviate from ideal isotropic 2D systems by the intro-
duction of spatial anisotropies and spin anisotropies, are
well known to have a finite transition temperature related
to the onset of long-range order.”> 2 Thus, the behavior
of spontaneous magnetization and the degree of diver-
gence of the initial susceptibility at the transition temper-
ature play an important role in indicating the difference
of the critical behavior between the real quasi-2D system
and the ideal isotropic 2D system. Recently, on the
theoretical side, 2D critical theories have been extensive-
ly developed? ~*? and, in particular, the principle of con-
formal invariance has led to remarkable progress in the
theory of 2D critical phenomena.** % The classification
of 2D critical theories may be universally characterized
by what is called the conformal anomaly.>>3® Such appli-
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cations of conformal invariance in 2D critical theories re-
quire that a system of short-range interactions at the crit-
ical point is not only scale invariant but also translation-
ally and rotationally invariant.’*3¢ Although no experi-
mental work has been reported to verify the 2D confor-
mal critical theory so far, it is possible to verify the appli-
cability of such “universal” 2D critical theory for a real-
istic 2D system by testing the scaling invariance from the
critical-point data.

The magnetic susceptibilities of the series of
(RNH;),CuX, compounds with X=Cl~ or Br~ are
characterized " by nearly Heisenberg ferromagnetic in-
tralayer coupling, with a small 1-5% XY (Cl) or Ising
(Br) anisotropy. The interlayer coupling is generally very
weak, especially for large R groups, and both ferro-
magnetic and antiferromagnetic interlayer coupling
are observed. The class of compounds
[C¢HsCH,), NH;],CuCl, have been reported to belong to
the rare group of insulating three-dimensional (3D) fer-
romagnets.** A detailed electron paramagnetic reso-
nance (EPR) study of these compounds was recently un-
dertaken to probe their local anisotropies. One feature of
this study was the observation of effects due to magneti-
cally inequivalent layers which implied that the interlayer
coupling was less than 1073 K.*!

In this work, we report the studies of the magnetiza-
tions and susceptibilities of these quasi-2D ferromagnets
[C¢Hs5(CH,),NH;],CuBr, with n=1, 2, and 3. In addi-
tion we attempt to analyze isotherm data near the 7, by
employing the static magnetic equation of state. EPR
studies are reported, and the EPR linewidths are ana-
lyzed in terms of the contributions of the anisotropic and
antisymmetric components of the exchange coupling.
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II. EXPERIMENTAL PROCEDURE

A. Preparation of samples

The samples of
prepared and crystals grown in the following manner.
For the n =1 salt, 0.03 mol (5.6 g) of the benzylammoni-
um bromide powder and 0.015 mol (3.4 g) of CuBr,
(stoichiometric amounts) were dissolved in methanol.
The best crystals were grown in a constant air flow ap-
paratus. The opaque crystals are hygroscopic and must
be dried under vacuum and stored in an air-tight dry con-
tainer. To prepare the n=2 salt, 0.03 mol (6.1 g) of
phenethylammonium bromide and 0.15 mol (3.4 g) of
CuBr, were dissolved in 20% aqueous HBr. After about
20 days of slow evaporation, very poor quality crystals
were formed. These crystals were then redissolved in eth-
anol and left for slow evaporation again. Good crystals
were grown in about a month. These crystals are in the
form of dark, shiny nonhygroscopic plates. For n=3, a
similar procedure starting with 0.0146 mol (3.16 g) of 3-
phenyl-1-propylammonium bromide and 0.073 mol of
CuBr, yielded good quality nonhygroscopic crystals.

[C¢Hs(CH,),NH;],CuBr, were

B. Crystal structure description

Small single crystals of each salt were mounted on a
Nicolet R3m diffractometer for x-ray analysis. Extreme
care had to be taken in handling the crystals because of
their extremely fragile nature. Lattice constants and
probable space groups were determined (Table I). A
structure determination has been completed for the n =2
system,42 complete structure determinations for the other
two compounds are in progress.

All three salts contain antiferrodistortive layers of pla-
nar CuBrf’ anions separated by the double layers of the
C¢H(CH,),NH; cations. This arrangement leads to a
tetragonally elongated octahedral arrangement for each
Cu®* ion. The structure of the n =2 compound* is iso-
structural with that of (C,HsNH,),CuCl,.*® The layer
arrangement is shown in Fig. 1. From the space-group
symmetry, adjacent layers are related by a glide-plane
operation, and thus are magnetically inequivalent. The
structures of the n =1 and n =3 salts are not known in
detail, but several features need to be noted. The in-plane
crystallographic axes for n =1 are rotated by 45° with
respect to those for the n =2 structure, doubling the size
of the repeat unit within the layer. The length of the ¢
axis is also doubled, leading to a four layer repeat in that
direction, so that adjacent layers will not be structurally
or magnetically equivalent. The space group P1 for the
n =3 salt implies the presence of two sets of structurally
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FIG. 1. [Illustration of the layer structure in

(CH¢H;C,H,NH;),CuBr,. The a axis is out of the plane of the
illustration.

or magnetically inequivalent layers. In all cases, the large
interlayer separation insures the presence of only dipolar
coupling between layers.

C. Magnetic measurements

All measurements of magnetizations and dc suscepti-
bilities reported in this work were performed on the
EG&G Model 155 Vibrating Sample Magnetometer
(VSM) with a variable-temperature helium cryostat sys-
tem. The magnetometer was calibrated with a nickel
crystal obtained from the National Bureau of Standards.
The zero-field ac susceptibility was carried out by an ac
mutual inductance bridge using a superconducting quan-
tum interference device (SQUID) as a flux detector. A
bridge frequency of 80 Hz was used. The accuracy of
zero-field was estimated to be about £1.0 Oe.

Powder samples of 101, 96, and 91 mg for n =1, 2, and
3, respectively, were measured. The isothermal magneti-
zation measurements were performed in the field range
0 < H <4000 Oe from 2.9 to 35 K. A full linear depen-
dence of the magnetization vs field up to 5000 Oe was
found above approximately 19 K for all compounds.
Thus, the susceptibility vs. temperature above 20 K was
obtained from the direct measurement of the magnetiza-
tion at an applied field 5000 Oe.

All EPR measurements of crystals were made with a
Varian E-3 EPR spectrometer. Measurements were
made at both room temperature and liquid-nitrogen tem-
perature (77 K). Crystallographic axes were identified us-
ing a precession camera. Data was collected about three

TABLE I. Lattice constants and probable space groups for [C¢Hs(CH,), NH;],CuBr, salts.

Probable
a b ¢ a B Y space
A (A) (A) ) ) (°) group
n=1 10.558 10.486 63.473 90 98.08 90 A2/a
n=2 7.654 7.756 38.042 90 90 90 Pcab
n=3 7.774 7.804 39.350 90.89 100.77 88.54 P1




mutually perpendicular axes by remounting the crystals
appropriately on the goniometer.

III. RESULTS AND DISCUSSIONS

A. Powder magnetizations and susceptibilities

The isothermal magnetization data of powdered sam-
ples at several different temperatures were obtained with
the field swept from 3000 to O Oe and are shown as points
in Fig. 2 for n =1. A similar behavior was seen for n =2
and n=3. Hysteresis at low temperatures indicate fer-
romagnetic behavior with approach to saturation beyond
about 3000 Oe. As temperature increases, the remnant
magnetizations and coercive forces decrease. The rem-
nant magnetizations are relatively small, which implies
that the magnetizations, shown at low field in Fig. 2 for
n=1, are suppressed compared with those for usual 3D
amorphous ferromagnets. This feature will be clear in
Sec. III C below when we apply the static scaling law to
analyze the isothermal magnetization data.

The magnetization vs temperature in several different
applied fields are shown in Fig. 3 for n =1, with similar
behavior observed for n =2 and n =3. All of the samples
were measured from 4.2 to about 35 K in fields up to
5000 Oe. At low temperatures, the gradually increasing
values of magnetization as the temperature decreases
show that these compounds order mainly ferromagneti-
cally. The magnetization of the n =2 sample is weaker
than that of the n =3 sample at relatively high fields and
at low temperatures.

The susceptibility in the temperature range from 20 to
200 K was obtained from the measurements of magneti-
zation vs temperature at an applied field 5000 Oe and are
shown as solid points in Fig. 4 for n =1. The data were
fitted to a high-temperature series expansion for the
eclipsed 3D Heisenberg model that included both J
(nearest intralayer exchange) and J' (nearest interlayer
exchange). A nonlinear optimization program was used
to minimize the standard deviation between the experi-
mental and the calculated susceptibility with J and J' as
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FIG. 2. Isothermal magnetization vs field at several different
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FIG. 3. Magnetizations vs temperature at several different
applied fields for the n =1 powdered sample.

variables. In order to make the truncation of high-
temperature expansion valid up to fourth order, we have
chosen the minimum temperature to which the data were
fitted to be a value of J/kzT=0.70. The calculated re-
sults corresponding to the best fit for n =1 are shown as
the solid line in Fig. 4. The values of J are summarized in
Table II for n =1, 2, and 3. It should be pointed out that
the two-parameter fit was insensitive to the small inter-
layer exchange coupling J', which means that the values
of J' obtained here are not sufficiently reliable. Possible
upper-bound values of |J'| are listed in Table II.

The zero-field ac susceptibility vs temperature data are
shown as the points in Fig. 5. It is clear from Fig. 5 that
there is a peak corresponding to the transition tempera-
ture T, indicative of a second-order phase transition. For
a simple ferromagnet, the zero-field susceptibility at the
demagnetized state (M =0 H =0), the so-called initial sus-
ceptibility, is usually expected to be divergent at T=T,.
However, due to the spin and lattice anisotropies and the
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FIG. 4. Magnetic susceptibility vs temperature for the n =1
powdered sample. The solid line is the best-fit result calculated
by a high-temperature series of expansion with J/kz=25.0 K
and |J'| /kp < 1.0 K.
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TABLE II. Summary of magnetic anisotropies and T, in 2D layer perovskite systems.

(d}+RD?)'?
Compound T, (K) J/kg (K) |7 /kg (K) |a'x/dy| 4
y
n=1 12.81 25.0 <10 1.00 1.24
n=2 12.85 22.7 <0.5 1.31 1.45
n=3 10.02 21.1 <0.3

demagnetization effect, many ferromagnets do not show
this divergence. It is clear from Fig. S that there is no
sharp divergence for these powdered samples particularly
for the n =3 compound. So far there are no exact general
expressions for the susceptibilities of the quasi-2D sys-
tems. For most of the ferromagnetic copper layer com-
pounds with a weak antiferromagnetic interlayer ex-
change, the 3D ordering transition temperature T, is
characterized by a point where the maximum positive
slope of susceptibility occurs (in y vs 7). In this experi-
ment, however, the zero-field ac susceptibility was not
carried out at an initial state (M =0, H=0) for T < T, be-
cause of the small remnant magnetization due to the
domain structure. Furthermore, an amount of uncertain
field, £1 Oe owing to the inaccuracy of the field measure-
ment, could change the size and formation of domains.
This effect will also blunt the sharpness of the peak.

The polycrystalline powder ac susceptibility as shown
in Fig. 5 reflects a resultant susceptibility of the spin prin-
ciple axes Xpowder =7 (Xx TX, TX;). The order tempera-
ture T, therefore, is not determined by the point at which
a maximum of the susceptibility occurs. Fisher** showed
that the temperature variation of the specific heat ¢ (T') of
a uniaxial antiferromagnet is essentially the same as that
of the temperature derivative of the product of the paral-
lel susceptibility and temperature,

_o(Tyxy)
c(T)=4 ar =4

Y
X tT5p

’

where A4 is a slowly varying function of temperature.
This expression implies that any specific-heat anomaly re-
lated to a transition will be associated with a similar
anomaly in d(Tx,)/3dT or dx,/9T. Thus, the transition
temperature T, is associated with a positive infinite or
maximum (usually observed in experiments) gradient in
the parallel susceptibility. For most of the antiferromag-
netic copper layer compounds, the perpendicular suscep-
tibility observed remains approximately constant below
T,(dy,/dT =0). The temperature derivative of the zero-
field susceptibility of the powder d(T,)/d7T then is
mainly taken as characteristic of d(Tx;)/dT. Thus, the
values of T, can be estimated corresponding to the posi-
tive maximum slope of x,T vs T. Figures 6(a) and 6(b)
show the results of numerically differential plots,
A(x,T)/AT vs. T, for the n= 1. Using this method the
transition temperatures for n =1 and 2 have been found
to be 12.81+0.05 K and 12.85+0.05 K, respectively. For
the n =3 compound, there is no well-defined positive
peak in 9, /3T vs T so the value of T, was estimated to
be 10.2+0.2 K corresponding to the peak of x, vs T.

B. Single-crystal EPR linewidth analysis

Three contributions to the EPR linewidths have been
recognized in A,[CuX, layer perovskite compounds.
These include (1) spin anisotropies,® which are enhanced
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FIG. 5. Zero-field ac susceptibility vs temperature for the
powdered samples.
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0.5 can be summarized as follows: Inequivalent site broaden-
ing will be observed only when J' is extremely small com-
;.—ﬁi _________ pared to the g anisotropy, magnetically inequivalent lay-
s | M f'ﬁ_- ers are present, and linewidths are less than or equal to
3 8 the g shifts between inequivalent sites. The spin-diffusive
gEi -0.4999 — £ behavior will be observed only when J' is small and spin
~ < anisotropies are small. Since the magnitude of the spin
g (a) & anisotropies is tional to J. ther thi
L ok n=1 proportional to J, among other things,
'; % they will dominate the linewidth when the intralayer cou-
b pling is large. In general, the anisotropies (and J values)
15 = are large enough for the bromide layer perovskites that
spin-diffusive effects are not seen. Inequivalent site
20 I ° L broadening is also more difficult to observe in the
5 10 15 20 bromide series since (1) the inherent linewidths are gen-
T(K) erally larger than in the corresponding chloride salts, and
(2) the g anisotropy is substantially smaller so the effect is
5.0 smaller. From the crystal symmetry, it is possible that
,% site broadening can occur in all three compounds, but
————————————————— ‘;r——-—kf evidence for it is observed only for the n =3 salt.
3 o Soos et al.® have shown that the spin anisotropy con-
E -0.4999 |- ®) g tribution to the EPR linewidths can be written as
< =
) 09998 n=2 5 AH=—2—[M{(0,)F ,(B],)
Q f ‘/3weﬂ'
R as | R
g s Xe
20 | o +M3OFSBI M
25 ! ! 1 with B=1/kT, F ;(BJ,) and Fg(fJ,) are correlation func-
0 5 10 15 20 tions for the antisymmetric and symmetric exchange an-

T(K)

FIG. 6. Numerically differentiated plots A(yT)/AT vs T tak-
en from the zero-field ac susceptibility data (Fig. 5).
T.=12.81+0.05 and 7.=12.85+£0.05 K are estimated corre-
sponding to the peaks in (a) and (b) for n =1 and n =2 samples,
respectively.

by phonon modulation effects,*’ (2) two-dimensional spin
diffusion effects,* and (3) overlapping resonance lines due
to magnetically inequivalent layers.*® The spin anisotro-
pies produce an angular dependent broadening, propor-
tional to the second power of their magnitudes, which
has a strong linear temperature dependence. The spin-
diffusion effects, produced by long-time relaxation pro-
cess, lead to a (3 cos’0—1)* angular dependence. The
theoretical background of these effects has recently been
reviewed, and applied to the corresponding
[C¢H5(CH,),NH,],CuCl, series.*!

The conditions under which these three effects are seen

2d }(1+5in%6 cos’¢)

zd;}(1+sin’0 sin’¢)

isotropies, X, is the Curie susceptibility, and y(T) the ob-
served susceptibility. For the CuX?™ layer of the type
shown in Fig. 1, they obtain the following second mo-
ments:

2d 2(1+sin%0 cos’¢)

A f—
Mi(0,¢) T
zd}(1+sin’6 sin’$) N zd2(1+cosb)
16 16
)
and
2 2
MS(0)= zD“(1+cos°0) 3)

8 ’
where d,, dy, d, are the components of the antisymmetric
exchange vector d, D is the symmetric exchange, and z is

the number of nearest neighbors. The experimentally
measured linewidth at a temperature 7T is given by

2d}(1+cos?0)

AH(0,6,T)=—2

- V3og 16

2 2
+ zD“(1+cos G)Fs X
8 x(T)

16 16
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Since the d? and D? terms have the same angular depen-
dence, they cannot be determined independently (at least
from measurements at a single temperature). The experi-
mental data are thus fitted to an equation of the form

AH(0,6,T)= A+ B cosX(6—8,)
+ B,sinX(6—60y)cos*(d— ) , (5)

where 6, and ¢, specify the orientation of the anisotropy
with respect to the crystal coordinate system.

It is conventional to set w.g~Jy/#. This is only valid
at low temperatures where other contributions—e.g.,
phonon modulation effects—to the temperature depen-
dence of the linewidths can be neglected. This is general-
ly not valid for the bromide series. In this case it is possi-
ble only to calculate the ratios, e.g., d}/d} or
(d?+RD?)/d}, where R =2F,/F ,. The results of the
magnetic anisotropy analyses are given in Table II.

The crystal g factors are nearly axial and qualitatively
the g values vary roughly from 2.04-2.05 normal to the
layer (g, in Table III) to 2.08-2.09 in the plane of the lay-
er (g,, g, in Table III) as can be seen in Fig. 7 for the data
in the ac plane of the n =1 salt. Because of the antiferro-
distortive arrangement of the planar CuBr,22~ anions
(Fig. 1), the following relations hold approximately
(neglecting tilting of the CuBr2~ anions):

g (crystal)~g, (single ion)
and
g, (crystal) ~g, (crystal) ~ 1g  (single ion)
+1g,(single ion) .

Thus we have, approximately, g, (single ion)~2.04 and
g, (single ion)~2.14. Quantitatively, the g values are
fitted quite well by the relation

g(0,¢)=g,+g,cos((0—8))+g,sin*(6— 6y)cos* (¢ —dg) .
(6)

The values of 6, and ¢, which correct for any crystal
misalignment, were small (<5°. The small, but
significant, difference in g, and g, for the n =2 salt is due
to the unequal a and b lattice constants.

The linewidth behavior is somewhat different for all
three compounds. The one common feature is a very
strong temperature dependence, attributable to a strong
phonon modulation of the spin anisotropies due to the
large spin-orbit coupling of the bromide ion.*

ZHOU, DRUMHELLER, PATYAL, AND WILLETT 45

For the n=1 compounds, the room-temperature
linewidths are broad in all planes (AH =600-800 G) and
are axially symmetric about the ¢ axis, with
AH,=790+25 G and AH,=AH,=675+25 G. At
liquid-nitrogen temperature, the linewidths are consider-
ably narrowed (AH ~75 G), and remain isotropic in the
plane of the layer, with AH,=AH,=72.0£2.5 G and
AH,=80.512.5 G. The data for the ac plane are shown
in Fig. 8. Since there is no ¢ dependence, it is required
that |d,|=|d,|. The fact that AH >AH,, AH, implies
that the |D| and |d,| contributions dominate over the
|d,| and |d, | contributions to the linewidths. This is nor-
mal behavior for the copper(II) bromide layer per-
voskites.

For n=2, the room-temperature linewidths are also
broad (AH ~667-775 G). In the plane of the layer (the
ab plane) there is some structure in the spectrum. The
structure does not change with orientation. The overall
linewidth in the ab plane is broader (AH ~800 G) when
compared to the linewidths in the ac and bc planes
(AH ~665-775 G). At the liquid-nitrogen temperature,
the linewidths are considerably narrowed (AH ~70-90
G). There are no observable contributions to linewidth
either from spin diffusion or from the magnetically ine-
quivalent sites in the unit cell. In the ab plane (the plane
of the layer), there is a strong ¢ dependence, in addition
to the 6 dependence.

A composite plot of the angular variation of the
linewidth in all planes for the n =2 salt is shown in Fig. 9
where the solid line depicts the best fit of the data with
A=70.9 G, B;=16.9 G, and B,=12.4 G, and the cor-
responding plot for the g factor is shown in Fig. 10. Asis
clear from Figs. 9 and 10, the general trend of the angu-
lar variation of the linewidth and the g factor is the same
as for the n =1 compound, i.e., as the linewidth increases,
the g factor decreases and vice versa. Because of the ¢
dependence, |d,| and |d,| are no longer equal, and de-
tailed analysis yields

ld, /d,|=1.31.

The dominance of the |d,| and |D| components is also
confirmed (Table II).

The EPR data for the n =3 compound are quite unusu-
al. At room temperature the lines show some structure
at most of the orientations in each plane. In the ac and
bc planes, the structure in the line shifts with the orienta-
tion. In the plane of the layer (ab plane), the structure
does not shift, but is more pronounced than in the ac and
bc planes. The structure seems to be due to the overlap-

TABLE III. Summary of EPR results on 2-D layer perovskite systems at 77 K.

g values along AH values along

Parameters from crystallographic crystallographic
AH(0,¢) fit Gauss axes axes (G)
Compound J/kp (K) A B, B, 8a g g AH, AH, AH,
n=1 25.0 72.0 9.0 0.0 2.090 2.090 2.042 72 72 81
n=2 22.7 732 14.3 9.4 2.087 2.096 2.055 83 74 88
n=3 21.1 2.087 2.086 2.050 160 275 185
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FIG. 7. Angular variation of the g factor in the ac plane of the n =1 salt at 77 K. Solid line is the best fit to Eq.(6).
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FIG. 8. Angular variation of AH in the ac plane of the n =1 salt at 77 K. Solid line is the best fit to Eq.(5).
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FIG. 9. Composite plot of the angular variation of AH for the n =2 salt at 77 K. The solid line is the best fit to Eq.(5).
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FIG. 10. Composite plot of the angular variation of the g factor for the n =2 salt at 77 K. The solid line is the best fit to Eq.(6).

ping lines from magnetically inequivalent sites. The
linewidths are somewhat broader than those of the other
bromide compounds (AH ~900 G).

At the liquid-nitrogen temperature, the linewidths are
now much broader than the linewidths of the other two
salts (AH ~250 G as compared to AH ~85G). In the bc
plane the linewidth anisotropy and the g-factor anisotro-
py follow each other while in the ac plane the AH anisot-
ropy and the g factor anisotropy proceed in opposition to
each other (as is the case for the other two salts in this
series). In the plane of the layer (the ab plane) there is a
strong ¢ dependence of both the linewidth and the g fac-
tor. The linewidth and g factor anisotropies proceed in
opposition to each other.

In the case of the n =1 and n =2 salts, the isotropic ex-
change J is 25.0 and 22.7 K, respectively, and the
linewidths at liquid N, are temperature~85 G. In the
case of the n=3 compound, J=21.13 K and the
linewidths are ~225 G. Based on the J values, we should
expect similar contributions to linewidths from antisym-
metric and symmetric exchange for all these compounds.
Since the linewidths are too broad to be explained in
terms of |d| and D alone, it must be accumed that we
have contributions to the linewidths from magnetically
inequivalent sites in all planes. This is expected from the
crystal structure information, and is consistent with the
behavior of the corresponding chloride salt, where it was
possible to resolve absorption due to inequivalent sites in
certain orientations.*!

C. Magnetic critical behavior
and exponents of powdered samples

The strong ferromagnetic intralayer interactions which
have been found in these compounds yield ferromagnetic
behavior for the powdered samples. Since the magnetic
properties of polycrystalline powder reflect a resultant
(average) effect along the crystal axes, the antiferromag-
netic interlayer coupling, even if it is very small, as well
as the spin canting due to the antisymmetric exchange
will cause the ferromagnetic behavior of these powdered

samples to deviate from that of usual 2D and 3D fer-
romagnets. This difference should be significant around a
critical point.

For the simple ferromagnet, the critical exponents f3, 8,
and y, and Y’ which characterize the ferromagnetic-
paramagnetic transition along the critical isochore, criti-
cal isotherm, and coexistence lines of approach to the
critical point are defined in terms of the reduced tempera-
ture e=(T—T,)/T, as follows: spontaneous magnetiza-
tion, M, o< (—e)b, T—>T.(T<T, at H=0; critical iso-
thermal magnetization, M <HY® H 50, at T= T,; ini-
tial susceptibility, y,<(—e€)”?, T—T, (T<T,) at
H=0, and y,«<(€)" ", T—T,(T>T,) at H=0.

There are several ways to determine the values of 3, v,
5, and T, experimentally. The most direct method is to
analyze the data of spontaneous magnetization, initial
susceptibility, and critical isotherm. To do this, we have
plotted the data in terms of In M, vs In|1—T/T.], In ¥,
vs In |1-T/Td, and In M, vs In H to obtain straight
lines near the critical point. The advantage of this
method is that there is only one nonlinear adjustable pa-
rameter, T,.

To estimate the critical exponent ¥, the initial ac sus-
ceptibility (Fig. 5) data were replotted in terms of In x, vs
In(T/T,—1) for T > T, as shown in Figs. 11(a) and 11(b)
for the n=1 and 2 compounds, respectively. Thus,
¥y =1.39 was estimated from the slope of the visually
best-fit straight line near T, for n =1 and 2 compounds.
The value of y estimated here for these compounds is
close to that given by the 3D Heisenberg S=1 model*’
an‘c:;l8 slightly smaller than that given by the 2D XY mod-
el.

The value of critical exponent 8 can be given by the in-
verse slope of In (M) vs In(H). However, a systematic er-
ror could be present in the determination of & owing to
the inaccuracy of measurement of T, since the measure-
ment of critical isothermal magnetization M_ should be
carried out exactly at T=T,. To avoid this difficulty, the
measurements of sets of isotherms near T, were made.
Figures 12(a), 12(b) and 12(c) show the results of the mea-
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surements on the n =1, 2, and 3 compounds, in terms of
aln M, vs In H plot, in the field range H <1400 Oe. At
relativity high fields (700 Oe < H <4000 Oe), the iso-
thermal data near T, are shown in Figs. 13(a), 13(b), and
13(c) for n=1, 2, and 3, respectively. According to the
definition of the critical exponent §, the critical isotherm
is the one which is fitted as closely as possible by a
straight line whose inverse slope gives the value of §. It is
clear in Figs. 12 and 13 that there is no linearity to be
found among the sets of isotherms. The data indicate
that the magnetization at low-field range is suppressed
when compared to usual ferromagnets so that the con-
ventional power law does not hold in the critical region.
This feature will be clearly seen when the scaling law is
applied to analyze the data.

The scaling hypothesis* gives rise to functional rela-
tions among the critical exponents and makes specific
predictions concerning the general form of the equations
of state®® ™36 which have been used with success in a large
number of critical phenomena investigations on various
ferromagnetic materials.’»3>3436765 QOne of the most
useful and important equations of state which scaling
properties must satisfy is given as

(a)

n=1

In (x)

A | | L% |
-4 32 24 16 -0.8 0

in l T/Tc"l I

-3

-4.6 —

In ()

7 | I L !
-5 -4 -3 -2 -1 0
In| T

FIG. 11. ac initial susceptibility plotted in terms of In(M /H)
vs In(T/T,—1). Solid lines are fitted for n=1 and 2 com-
pounds with y =1.39.
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(H/M)"=at+bME | @)

the so-called modified Arrott plot or Arrott-Noakes
plot.’! Here a and b are constants and ¢ is reduced tem-
perature T /T, —1. By properly choosing the values of ¥

2 T T
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FIG. 12. Isothermal magnetization in fields 70 < H < 1400 Oe
plotted in terms of In(M) vs In(H).
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and B3, plots of (H /M) vs M'/P fall on a set of parallel
straight-line isotherms in which a line passing through
the origin corresponds to T.(t =0). This property can be
used to determine the values of B, ¥, and T,.. In this
manner, the extrapolation difficulties usually related to
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FIG. 13. Isothermal magnetization in fields 700 < H <4000
Oe plotted in terms of In(M) vs In(H).
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the asymptotic analysis from measurements of spontane-
ous magnetization, initial susceptibility, and critical iso-
therm are avoided. The equation of state, Eq.(7), has
been applied with success in a large number of critical
phenomena investigations on various ferromagnetic ma-
terials. For the most simple isotropic 3D ferromagnets,
the isotherms in such a plot yield linearity well up into
even the high-field region.

We have also applied this static equation of state to
carefully analyze the isotherm data of our layer com-
pounds. By choosing y =1.39 and varying B systemati-
cally, with the value of & given by the scaling relation
y=pB(8—1), it is found that the isotherms near the 7.
never fall on a set of parallel straight lines in the Arrott-
Noakes plot in a low-field region. In principle, it is possi-
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FIG. 14. The Arrott-Noakes plots with y =1.39 and $=0.32
in fields 700 < H <4000 Oe. The dashed lines indicate that the
magnetization starts to be suppressed as the field decreases so
that the scaling law no longer holds.
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ble to obtain parallel isotherm lines by varying both
values of 8 and y. However, the true values of B8 and y
should simultaneously satisfy three conditions: (1) best
parallel isotherm lines in the Arrott-Noakes plot, (2) a
line passing through the origin corresponding to the criti-
cal isotherm (T'=T,), and (3) Widom’s scaling relation
y=B(8—1). It is found that these conditions are not
self-consistently satisfied here for these powder com-
pounds. Figure 14 shows one of the results in Arrott-
Noakes plot in the field range 700 < H <4000 Oe for
these samples. It is clear in Fig. 14 that the isotherms are
linear at relatively high fields, but at a certain low-field
and low-temperature region, indicated as dashed lines in
Fig. 14, the data no longer fall on a set of parallel straight
lines in the Arrott-Noakes plot, which implies that mag-
netizations at low field are suppressed so that the static
scaling hypothesis no longer holds. This behavior may
mainly be caused by the existence of weakly antiferro-
magnetic interlayer ordering or by canting from the an-
tisymmetric exchange. Nevertheless, this is the first ex-
ample of the scaling analysis for the 2D layer systems. It
is shown that since scaling invariance is not valid around
the critical point, these powdered compounds cannot be
classified as usual ferromagnets whose critical behavior is
described by most of the 2D critical theories.

IV. CONCLUSION

The magnetic properties and critical behavior of the
2D layered ferromagnets [C¢H5(CH,), NH;],CuBr, with
n=1, 2, and 3 were studied. Magnetizations, susceptibil-
ities, and EPR have been measured and strong ferromag-
netic intralayer exchange couplings were found. The
strong temperature dependence of the EPR linewidths is
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indicative of phonon modulation of the spin anisotropies
as the principal broadening mechanism. Analysis of the
angular dependence of the linewidth showed that the d,
component of the antisymmetric exchange, and the axial
component D of the symmetric component, make the
dominant contribution to the linewidths. The linewidths
of these bromide salts are much larger than those in the
corresponding chloride. The increased magnetic anisot-
ropy present in the bromide salts is due to the larger
spin-orbit coupling of bromide as compared to chlorine.
The absence of a low-dimensional spin-diffusion contribu-
tion to the EPR linewidths in these bromide salts is due
to dominance of the short-time contribution of the spin
anisotropies to the correlation function. The critical ex-
ponents S, ¥, §, and transition temperatures 7, were es-
timated from the measurements of ac initial susceptibility
and isothermal magnetization. A scaling law was applied
to analyze the data of isothermal magnetization near T,
and it was found that in a certain low-field and low-
temperature region the powder magnetizations are
suppressed so that the scaling law no longer holds. This
example of scaling analysis for these ferromagnetic 2D
layer systems shows that their powders cannot be
classified as usual simple ferromagnets whose critical be-
havior is described by most 2D critical-point theories.
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