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We studied the magnetic behavior of (C;H,NH,),CuBr, crystals by means of the Faraday effect. We observed
that at low temperature the crystals can exist in two crystallographic modifications. One modification shows,
below the magnetic transition temperature, magnetic domains in zero magnetic field. This modification can be
described by the Pb'¢’a structure, the spins being in the bc plane with an angle between spins and b axis
of 24°. The other crystallographic modification shows domains in the field range between 215 and 350 Oe.
This modification can be described by a Pb’ca’ structure at fields 16wer than 215 Oe, a Pb’c’a structure
at fields higher than 350 Oe while in the field range of 215-350 Oe are alternating domains of Pb'c'a and
Pb'ca’ structure. The coexistence of the two magnetic structures in the field range of 215-350 Oe shows
that the field-induced phase transition from the Pb’ca’ structure to be Pb’'c’a structure is a first-order

phase transition.

INTRODUCTION

The series of compounds (C,H,,, ,NH,),CuX,,
where X represents a Cl or Br atom and 7 varies
from 1 to 10, have been studied intensively lately
because these compounds are good examples of
nearly perfect two-dimensional Heisenberg ferro-
magnets.'™ The orthorhombic crystals consist
of nearly quadratic layers of CuX, (in the ab
plane) separated by two layers of nonmagnetic
C,H,,+,NH,X. The detailed crystal structure of
some of the C1 compounds has been determined
and is found to crystallize in the Pbca space
group.®” However, for nearly all the compounds
the dimensions of the unit cell have been deter-
mined by Kop.? Recently Daoud® extended the list
of known structures and found also the Pbca struc-
ture for the Br compounds at room temperature.

The magnetic interaction within the CuX, layer
is ferromagnetic and is very strong compared
with the interaction between the layers. Although
according to the theory of Mermin and Wagner® an
ideal two-dimensional Heisenberg ferromagnet
should not have long-range order above 0 K, these
compounds show an anomaly in the susceptibility
at a temperature (T,) of approximately 10 K. At
this temperature the magnetic system orders in a
three-dimensional way as can be concluded from
the occurrence of magnetic domains in some of
the compounds below 7,..'° T, is determined main-
ly by the strong intralayer exchange interaction.
However, which three-dimensional magnetic
structure exists below T, is determined by small
deviations from the ideal such as the interlayer
interactions and the anisotropy energies. Within
the series one can find ferromagnetic, antiferro-
magnetic, and canted antiferromagnetic stacking
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of the ferromagnetic layers.

In the present paper we describe observations,
made by means of the Faraday effect, of the weak
ferromagnetic domains in bss (propylammonium)
copper(II) tetrabromide, (C,H,NH,),CuBr,. We
observed that around or somewhat below liquid-
nitrogen temperature often, but not always, a
crystallographic phase transition takes place.
Two different magnetic structures exist below T,
depending on the occurrence of this structural
phase transition.

EXPERIMENT

The observations of the domains were carried
out by means of the Faraday effect. At room tem-
perature the (C;H,NH,),CuBr, crystals are very
opaque in the visible-light range up to about 0.6
um; only in the red the crystals are somewhat
transparent. During cooling the crystals become
more transparent, but still very thin (less than
100 um) crystals were needed to have enough light
for our microscopic observations. The crystals
were grown in the form of thin platelets, perpen-
dicular to the c¢ axis, of 20 to 100 um in thickness
and up to 5 mm in diameter. They were made by
evaporation of a solution of the compound in water
or in ethyl-alcohol. The samples made from the
ethyl-alcohol solution shattered less frequently
during cooling.

The apparatus is fully described elsewhere.!

It consisted of a glass Dewar with optical windows
in the bottom. Under the Dewar a polarizing mi-
croscope was placed with objective lenses with
long working distance. The optical resolution was
1 um. Light reached the sample via a rotatable
light guide with a polarizer on its lower end. Both
broadband and filtered light were used. The filter
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was transparent for wavelengths above 0.6 um.

The samples were mounted with the ¢ axis along
the line of sight between two copper grids on which
an Allen-Bradley carbon thermometer was glued
or were placed free on the bottom glass window.

The magnetic domains could be photographed,
but long time exposures were needed due to the
low transparency and because the domains were
only observable between almost-crossed polar-
izers near the extinction position of the birefrac-
tive crystals. Moreover, too much light on the
sample will heat the sample relative to the carbon
thermometer. There was not enough light to
photograph directly the fast crystallographic phase
transition, so in that case we used a video camera
with image intensifier.’?> A small superconducting
magnet supplied the magnetic field along the direc-
tion of the light path, that is the ¢ axis direction.
During the period that the liquid-helium level was
between the sample and the bottom of the solenoid
space the sample warmed sufficiently slowly to
allow measurements up to 12 K.

OBSERVATIONS

During cooling to liquid-helium temperature we
observed the birefractive crystals in the extinction
position between almost-crossed polarizers. We
found that large crystals showed a sudden change
in brightness, caused by a rotation of the extinc-
tion axis, at some temperature below 100 K. This
shows that these crystals underwent a structural

FIG. 1. Domains in zero applied field in type-A
crystals at 7 =2 K. The contrast is enhanced by photo-
graphic methods.
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FIG. 2. Magnetization M versus applied field H for
four different samples. The magnetization M is plotted
relative to the single domain magnetization Mg. The
magnetization is deduced from the dimensions of the do-
mains by direct microscopic observation (@) or by
measuring the micrographs (O,0,A). The data points
in this figure were taken at 2 K, but can be considered
within our accuracy to represent the situation at 0 K.

phase transition. However, some minor parts of
the crystals and some tiny crystallites did not
show the phase transition. Because our apparatus
was not adapted for temperature control in the
temperature range of this phase transition we can
only make a rough estimate of the transition tem-
perature: 70+20 K. In the larger crystals it was
possible to observe the nucleation and growth of
the low-temperature phase. The low-temperature
phase nucleated somewhere in the form of a spike
and expanded over the whole crystal in a few sec-
onds with a speed of a few 100 um/sec. During
the transitions the boundaries between the phases
formed almost parallel straight lines. After the
transition often new twins in the ab plane were
present. Parts of the crystals which underwent
the phase transition on one cool-down could stay
unchanged during a subsequent cool-down and vice
versa. Very small crystallites usually did not
exhibit the phase transition. Hereafter we call the
crystalline parts which underwent the phase trans-
ition type A, the other parts, type B. Crystalline
parts of type A are generally larger and optically
more perfect than those of type B. Sometimes the
crystals shattered during cooling or warming.
However, when they were mounted carefully,
strain free and not grown onto a substrate they
generally survived unimpaired.

Below a transition temperature 7,=10.2+0.5 K
type A showed magnetic domains in zero applied
field. The domains were straight and parallel
(Fig. 1). The width depended on the sample thick-
ness and varied from 2.5 to 4 um for samples
from 20 to 100 um thick. When a magnetic field
was applied in the ¢ direction one type of domain
grew at the expense of the other until at about 180
Oe the single domain state was reached (Fig. 2).
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FIG. 3. Domains in a type-B crystal in an applied
field of 280 Oe at T =2 K.

After the field was removed the domains returned,
however, no longer straight but quite twisted.
When the temperature was raised close to T the
domains straightened out again.

Type B did not show domains at zero applied
field. At a field of about 215 Oe domains started
to appear and grew with increasing field. (Some
traces of domains were already visible at 190
Oe). At 280 Oe one type of domain covered about
half the surface (Fig. 3) while at 350 Oe the single
domain state was reached (Fig. 2). The observed
process is typical for a field-induced first-order
phase transition in which case the transition is
spread out over a certain field range due to the
presence of demagnetizing fields.'®* The critical
temperature T, for type B is 10.5+1 K. The large
uncertainties in the critical temperatures are
mainly due to the heating effect of the polarized
light beam on sample and thermometer which have
only limited heat contact in the helium gas. In con-
trast to the straight and parallel domains of type
A, thedomainsof type Bare very twisted, branched
and often of short length (Fig. 3).

DISCUSSION

Structural phase transitions have also been
observed in crystal having a composition and
structure related to our copper bromine com-
pound (CEH,NH,),CuBr,. For some of the
(CnH,44,NH,), M Cl, compounds with M =Mn, Cd,
or Fe and n=1, a high-temperature tetragonal
phase is followed by a room-temperature ortho-
rhombic phase and a low-temperature tetragonal
phase.*™'® For the compounds with z=2, 3 and
M =Mn, Cd a transition to a low-temperature Pbca

phase has been observed.?°*** Recently also a
series of structural phase transitions has been
found in copper bromine compounds with short
alkylamine chains (z< 5), by means of differential
thermal analyses, microscopic observations,
transmission spectroscopy, and Guinier powder
diffraction.?” The transitions can be explained by
changes in the motions of the alkylamine groups. " ~*?
Far-infrared experiments at our laboratory on the
copper chlorine compounds indicate a change in
the vibrationa! modes of the metal halogen planes
at the transition temperature.?

Our optical observations show that the structural
phase transitions in (C,H,NH,),CuBr, do not always
take place in the same way. As a result two dif-
ferent crystallographic modifications exist at low
temperatures which have also different magnetic
properties. Susceptibility measurements of
de Jongh?® on (C,H,NH,),CuBr, showed thata single
crystal gives a susceptibility peak at T, =10.3 K while
apowder sample hasanadditionalpeakat T, ~11.4 K.
On repeated heating and cooling of the single crystal,
it started to shatter and the susceptibility peak at
10.3 K decreased while a peak at 11.4 K developed.
This shows that also in his experiment two modi-
fications existed; one mainly in large single crys-
tals with 7,=10.3 K, and one mainly in powderlike
crystallites with 7,=11.4 K. It suggests that our
type A has the same modification as the cne with
T.=10.3 K and type B as the one with 7, =11.4 K.

For (C,H,NH,),CuBr, the lowest structural phase
transition takes place between 90 and 50 K. (This
result of our optical experiment is confirmed by
other experiments.??) No structural data below
this temperature are known. However, the pre-
sence of twins in the ab plane and the existence of a
low-temperature Pbca structure in the Mn and Cd
compounds with 7 =3,2°"?! gsuggest a low-tempera-
ture orthorhombic structure also for our com-
pound. Moreover, the low-temperature magnetic
measurements of the Amsterdam group®'?® show
that both the Cl and Br compounds can very well
be described by assuming the orthorhombic Pbca
symmetry. So apparently any deviation from this
symmetry is small. Therefore we will discuss
our observations hereafter assuming our compound
has the Pbca symmetry.

Bloembergen et al.® have shown with group-the-
oretical methods that assuming two-sublattice
antiferromagnetism with the layersbelonging alter-
nately to sublattice 1 and 2, four kinds of magne-
tic structures are possible for the Pbca crystal
structure. Only one of these four structures gives
a weak ferromagnetic moment along the c axis,
namely the Pb’c’a structure and so corresponds
to type A. This structure has the following spin
components for sublattice 1 and 2 [Fig. 4(a)]:
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(b)

FIG. 4. Directions of the sublattice magnetization in
the Pb’c’a structure (a) and in the Pb’ca’ structure (b).
The dashed arrows indicate the directions of the sub-
lattice magnetization when a small magnetic field is
applied in the z direction.

S1x=554=0; S;y==S;y; S1£=S,

with the x, y, and z directions along the crystal-
lographic a, b, and c¢ axes, respectively. For
this structure the general expression® for the free
energy F in the molecular-field approximation at
0 K with an applied field H, in the z direction re-
duces to

F/M,==Hg+Hy(-0%,+02,)
+HA2051 - 2Hd01y011 —chloll ’ (1)

where Hg, Hg, H,,, and H, are the intralayer and
interlayer interaction parameters, the intralayer
anisotropy parameter in the y-z plane, and the
antisymmetric anisotropy parameter, respective-
ly; T isthe reduced spin §/5and g, = 2g,./8xx =1.956.
(We use for the g-tensor components g,, and g,
the values measured by Vega and Maarschall.”)
In accordance with the definition in Ref. 5 we use
for M, the sublattice saturation magnetization per
unit volume: M, =2Sg,, g/a,b,c,, Where iy is the
Bohr magneton and a,, b,, and c, are the dimen-
sions of the unit cell. As discussed in Ref. 5 we
can neglect the interlayer antisymmetric para-
meter because it is expected to be relatively
small. The part of the interlayer anisotropy orig-
inating from the exchange interaction will be very
small; the part originating from dipole-dipole in-
teraction is of the order of 100 Oe**s and will be
neglected. If a is the angle between the magnetic
moments of sublattice 1 and the y axis and of the
moments of sublattice 2 and the negative y axis
[Fig. 4(a)] we can write expression (1) as

F/M,=-Hg+%H,, - (Hy +3Hy,) cos2a
- H;sinZ2a - g H, sina. (2)

The angle a can be derived from the measured
magnetization M versus applied field curve (Fig.
2). The samples are flat platelets, hence the de-
magnetization facior equals 47. From the slope
of the M vs H curve it follows that 47M; =130 +15
Oe, where M; is the magnetization of the domains
per unit volume. (In fact the M, so obtained is

still a function of temperature and has been ex-
trapolated to T=0 K.) This should be compared
with the saturation magnetization, 320 Oe, which
can be calculated from the dimensions of the unit
cell. This gives @ =24 +3°. Magnetic torsion bal-
ance measurements of Bloembergen et al.?® on
(C,H,NH,),CuBr, give an estimated Hz=2.5 kOe
and H,, =1.2 kOe. Using these values of Hg and
H,, and @ =24° we find by minimizing (2) H;=3.4
kOe.

From the other three allowed magnetic struc-
tures only the Pb’ca’ structure has a free energy
comparable with the free energy of the Pb’c’a
structure [Fig. 4(b)]. The spin components for
the Pb’ca’ structure are

S1c=S=0; S1y=85y; §,2==5,.

The expression for the free energy at 0 K and zero
applied field becomes

F/Mo = _HE +H,8(G€s - o?x) + HAzoﬁt - 2Hda1y018
==Hp +%HA2 +(Hy = 3H,,) cos2B8 - Hy sin28,

where B is the angle between the spin moments and
the y axis. The free energy has a minimum for
tan28=-Hy/(H. - 3H,,); for this angle of 8 we find
that E, =F/M,+Hpg (for 45° <B<90°:

E, =%H42 -[(Hg - %HAz)Z +H§]1/2 . (3)

If we compare E, with the analogous quantity for
the Pb’c’a structure, E,, using the above given
values of H,,, Hp, and H,, we find E, =-4.0 kOe
and E, =-3.3 kOe. This shows that a relatively
small change in one or more of the interaction
parameters can make the Pb’ca’ structure the
most favorable structure.

To discuss the type B crystals we have to con-
sider the possible structures in the presence of a
magnetic field along the ¢ axis. Group-theoretical
arguments®® show that also in the case of an ap-
plied field along the ¢ axis four different magnetic
structures are possible. In the limit of zero field
these structures should correspond to the four
zero field structures. In this way we find that the
in-field structure S, =S,, =0;S,,=-S,,,and S, =S,,
corresponds to the Pb’c’a structure while S, =S,,
=0 and arbitrary values of S,,, S,,, S,,, and S,,,
corresponds to the Pb’ca’ structure (Fig. 4). We
can explain the observed behavior of the type B
crystals if we assume that the interaction para-
meters of type B are such that the Pb’ca’ structure
has a slightly lower free energy in zero field than
the Pb’c’a structure. A magnetic field along the 2z
direction will in first order not change the free
energy of the Pb’ca’ structure while for the Pb’c’a
structure the field-dependent part of the free ener-
gy changes approximately proportional with field.
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This means that a critical field H, exists at which
a field induced first-order phase transition from
the Pb’ca’ to the Pb’c’a structure begins to occur
locally. Demagnetizing fields prevent the spread-
ing of the Pb’c’a structure over the whole sample.
There is a field interval (coexistence region)above
H_ where domains of Pb’c’a structure and Pb’ca’
structure alternate while the internal field is kept
at 215 Oe due to the demagnetizing fields. In the
coexistence region we have a relation between 4
and M analogous to the relation for a simple (weak)
ferromagnet: AH=4nAM. From the measurements
(Fig. 2) it follows that for the weak ferromagnetic
moment of the Pb’c’a domains: 47Mg=120 +10 Oe.
This gives @ =22° in an internal field of 215 Qe.
In the case of the type-B crystals the information
from the experiment (H,=215 Oe, a=22°) is not
sufficient to solve the three unknown parameters
Hg, H,,, and H,. However, we can deduce some
relations between the parameters.

Minimization of (2) gives

Hy=(Hjy +3H,,)tan2a - g.H(cosa/2 cos2a). (4)
For @=22°and H,=215 Oe this becomes
Hy;=0.97T(Hg +3H,,) - 270. (5)

Substituting the above expression (4) for H; in the
expression for E, (2) and E, (3) and using E, =E,
at H,=H,, one can express H,, in terms of Hj:

1H2g2(1 +sin®a +2 sin* @) - 2¢,H H} sina

Hyp = &.H, sina +2H; cos2a

For a=22° and H, =215 Qe this becomes

166 — H

Hao =219 J55— 70

Oe. (6)

As stated above we can not determine H,,, H,,
and Hg, however, if the Hg for type B is of the
same order of magnitude as for type A then it
follows from (5) and (6) that approximately H,,
~=200 Oe and H,;~0.9THg - 400 Oe. Because of
the approximations involved we have to consider
the obtained numerical values more as estimates
than as precise results.

It is not uncommon for substances with two-di-
mensional magnetic interactionsto exhibit different
magnetic structures. Gurewitz et al.?° found differ-
ent structures in Rb,MnCl, depending on the prep-
aration method of the samples. Birgeneau et al.3°
observed two structures in samples of RbMnF,.

It is not surprising that the two-dimensional mag-
netic compounds are likely candidates for this
magnetic polytypy. As mentioned in Refs. 29 and
31 the three-dimensional ordered structure is de-
termined by the combined influence of a number of
interaction and anisotropy fields which all are very

small compared with the interlayer interaction but
can be mutually of comparable magnitude. In such
a situation a small change in the properties of the
material caused for example by a different prep-
aration method (RbMnCl,), different amount of
impurities and dislocations, stress, or different
crystal structure, can easily change the balance of
interaction and anisotropy fields in such a way that
a different magnetic structure becomes the most
favorable.

CONCLUSION

At liquid-helium temperatures there exist two
magnetic modifications (type A and type B) in
(C;H,NH,),CuBr, crystals. Crystals (or parts of
crystals) exhibiting type-A behavior have gone
through a structural phase transition below 90 K,
while the crystals showing type-B behavior have
not. Cooling speed, crystal perfection, stress and
crystal size are decisive factors in inducing the
possible structural phase transition. Especially,
both the experiments of de Jongh®® as well as our
own observations, indicate that the size of the
crystals plays an important role.

The magnetic properties of type-A crystals be-
low the magnetic transition temperature can be
described by the weak ferromagnetic Pb’c’a struc-
ture consisting of antiferromagnetic coupled ferro-
magnetic copper bromine layers with an angle «
between the spins and the xy plane equal to 24 +3°,
leading to a net ferromagnetic moment. Combin-
ing our experimental data with the torsion balance
measurements of Bloembergen?®® we find for the
antisymmetric anisotropy parameter H,=3.4 kOe.

The type-B crystals show domains for fields be-
tween 215 Oe and 350 Oe. This can be explained
by assuming a magnetic Pb’ca’ structure in zero
field. At an applied field of 215 Oe or larger the
Pb’c’a structure becomes energetically more fa-
vorable and a first-order phase transition to this
structure sets in. Between 215 and 350 Oe there
coexist alternating domains of the Pb’c’a and
Pb’ca’ structure, At 350 Oe the single domain
state is reached. A comparable situation has been
observed in MnF,.**3 Therein is a small field
range (92.4 to 92.9 kOe) above the spin-flop field,
where domains of spin-flopped and nonspin-flopped
structure coexist.
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FIG. 1. Domains in zero applied field in type-A
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FIG. 3. Domains in a type-B crystal in an applied
field of 280 Oe at T =2 K.



