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ABSTRACT

Electron Paramagnetic Resonance studies of Cu? doped in NH,Br
single crystals have been carried out for the first time. The room
temperature data reveal that Cu?* ions go predominantly to interstitial
sites having square planar co-ordination of four Br~ ions. For this type
of complexes the bromine: superhyperfine structure: is observed on the
normal hyperfine structure lines of copper. Existence of other weak
spectra indicates that a relatively few Cu*+ ions go substitutionally to
(NH )" ions, and are probably associated with a first or a second nearest
neighbour cation vacancy, among the two, the latter being more predo-
minant. However, the low temperature studies corresponding to the
tetragonal phase of NH,Br indicate that a number of Cu®* ions at inter-
stitial sites get readjusted to the lattice sites after phase transformation.

The spectra in both the phases are analysed by the usual spin Hamiltonian
method.

INTRODUCTION

THE ammonium halides offer the possibility of an interesting exiension of
the paramagnetic resonance studies of doped aikali halides. When divalent
impurity caticns are placed substitutionally for mcnovalent ions of the host
lattice, the unbalance of the excess charge that results must be compensated.
Watkins' and recently Shrivastava and Venkateswarlu® discussed some
models of charge compensation in alkali halide crystals the principal cnes
being divalent anion impurities and cation vacancies. In ammoniura halide
single crystals relatively few paramagnetic resonance studies have been re-
ported,®¢ those studied being mainly in NH,Cl single crystal. The report-
ed spectra could be interpreted by considering the formation ef complexes
in which the magnetic ions are associated with cation vacancies or by con-
sidering the formation of hydrated double salts. Except for the EPR studies

of radiation induced defects?- 8 no spin resonance studies have been reported
208
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in NH,Br single crystal. Paramagnetic rescnance studies of Cu®t doped
in NH,Br single crystal reported here have been caitied out for the first
time in the body centred cubic and the teiragonal phases of NH,Br and the
results obtained are discusced here.

EXPERIMENTAL

Cu* doped NH,Br single crystals are grown [rom sawrated solution
of Ammonium Bromide mixed with CuBr,, Small quantities of urea arc
added to stimulate the cubic growth of the crystal® Spectra are recorded
on a Varian X-baund spectrometer V-4502 with 100 Kc./sec. field modulation.
Diphenyl picryl hydrazil for which g = 2-0036 is used as a field marker.
Spectra are vecorded at different temperatures by using a Vaiian V-4540
model variable temperature accessory.

THEORY

The free Cu®" ion has an electronic configuration 3d° and a ground
state *Djp, When subjected to a cubic crystalline field, the five-fold orbital
level of Cu®* icn is spiit into a lower doublet (°E) and an upper triplet (3T).
Orbital degeneracy in the lower state is further lifted by the presence of
cither a tetragenal or an orthorhombic component in the crystalline field.
The magnetic properties of the lowest orbital singlet are modified slightly
by an admixture of the excited states through spin-orbit interaction, This
type of admixture Tesults in an anisotropic g-vaiue for the EPR spectrum.
The nuclear spin of copper* is 3/2 and the hyperfine interaction gives a four-
line hyperfine structure. The paramagnetic yesonance spectrum of Cu
subjected to a tetragonal crystalline field can be described by the spin-Hamil-
tonian,’

H = gnfHeSy + g8 (HaSy -+ HySy) -+ ALS;
+ B (IxSz + Iys'y) +Q [IF — 311 - D] (1)

First two terms represent the coupling of the electronic spin moment {o the
external magnetic field, third and fourth terms represent the magmetic inter-
action between the electron ¢pin moment and nuclear magnetic moment.
The last term represents the mteraction between the nuclear electric quadru-
pole moment and the electric field gradient set up by the anisotropic distri-
bution of electronic charge about the nucleus. The Hamiltonian® may be

* Copper has two isotopes Cu®® and Cu® but the effects of the two different isctopes could
not be separately distinguished in the present experiments. This is because the two magnetic
moments are not much different from one another. .
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solved in order to obtain the magnetic field resonance values. The magnetic
field values for H//Z axis are given bym

H = H, — Am — oo [[(L 1) — m?] — ﬁi’ [ (M — 1]
{}

{2 a)
The magneiic field values for H | Z axis are given by
H = H, — B — 2 [ (M — )]
== Hy — Bm — 4H0 [I T+ 1) — m*} — m {4
5 Q® e PTOT o 1Y — g — ] (2 )
CEBM(M =) - PRI 41D —m ]

When subjected to an orthorhombic crystalline field the spectrum is
usually described by the spin-Himiltonian of the type
H = B (gcHxSe -+ oyHySy -+ g2H357)
"," j&x.[sz _i" AnySy "%‘ AzIzSz
+ QA F - 1A+ D]+ Q" A2 ~ 1) S
The terms in the above expression have got their usual significance as
mentioned above. The expressions for the resonant field values are obtained

by solving the above Hamiltonian by Bleaney et all! and these expressions
are used in analysing some of the spectra in the present study.

If there is a superhyperfine (shf) magnetic interaction between the
metal ion elecironic cloud and the ligand nuclei, a term of the type 25,‘ S.

Ai Iy Is added’® to the corresponding spin Hamiltonian. This

term can be expressed in terms of an isotropic part Ag and an anisotropic
part Ag as

A M ‘2 My + AgM ¥ mg,; (3 cos? 6; — 1) 4)
4

where 8; is the angle between the direction of the magnetic field and magnetic
ion-ligand distance and M and m;,; are the magnetic quantum numbers
of metal-ion electronic spin and i-th ligand nuclear spin respectively. The

shift in the magnetic field due to the presence of superhyperfine interaction
is given by!®

H = Ag T myy -+ Ag I mqy(3 cos? 6; — 1). | (5
&
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EXPERIMENTAL RESULTS AND DISCUSSION

Neutron Diffraction studies of Levy and Peterson® established that

w ammonium bromide has three structure modifications in different tempe-

Z rature intervals—a high temperature phase in which the crystal structuze is of

the NaCl type, an intermediate {emperature phase in which the crystal

structure is of the CsCl type and a low temperature tetragonal phase, which

is a slight distortion from the CsCl structure, due to the displacement of

bromine ions by about 0'012A towards the plane of the nearby (NH ,)* ions.

The transition from phase II to phase III is a 2nd order, order-disorder
transition due to the reorientation of ammonium ion,

‘ 137-8°C. -38-1°C.

Phase 1 (NaCl) <«————> Phase II (CsCl) <«——-—> Phase 11

| 2nd order
(Tetragonal)

Further, Stephenson and Adams® reported a new transition in NH,Br at
78°K. on cooling, 108-5°K. on warming. This corresponds to conversion
of ordered tetragonal to oidered cubic of CeCl type. This is further
established by the pressure experiments of Stevenson.ls

R e

A. Body centred cubic phase (Phase II)

Figure 1 represents spectrum I recorded keepmg the [100] axis of the
crystal parallel to the direction of the magnetic field. It shows the charac-
teristic four line hyperfine structure (my: 3/2, 1/2, —1/2, —3/2) of Cu*,
while on each of the hyperfine lines a superimposed structure of 13 lines is
observed. The my = - 3/2 line is superimposed by some other transitions
which will be discussed in the latter part of the section. A clear 13 lines
? shf pattern of m; = —3/2 line is separately shown in Fig. 2. The angular
| vatiation of the spectrum reveals that the local symmetry about Cu®** jon
is tetragonal with [100] axis as the symmetry axis.

When Cu*"ion is doped in NH,Br it can go substitutionally to a (NH )"
site and the charge unbalance can be compensated by producing a cation
vacancy. If the cation vacancy is due to the removal of a first nearest
(NH* ion, the Cu* ion will have a tetragonal site symmetry with [100]
axis as the symmetry axis. If the cation vacancy is at a second nearest
neighbour site, the site symmetry of the magnetic ion will be orthorhombic
and the site symmetry axis along [110]. As the angular variation of the
§ spectrum I shows that the local symmetry about Cu®* ion is tetragonal the
latter type of charge compensation is to be given up in favour of the first.
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FiG. 1. EPR spectrum of Cu®r in NH,Br at room temperature with [100] axis parallel to
H. Lines in the region marked I are probably the 90° parts of the spectrum I, for this oricntatlon,
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HO‘_“’CVST ,.there is another possible way of meorporating Cu?t ion in the
I.attxce, still the local symmetry being tetragonal as observed. The Cu2
10n can go at an imterstitial site. /... i the plane of four bromines and for
the compensation of extra positive charge the two first neighbour (NH,)*
ions lying along the four-fold axis get removed, thereby giving rise to tetra-
gonal symmetry. Existence of this type of complex (called species 1 for
convenience) is indeed observed in the EPR studies of Mn2* and Cu®? doped
NH,Cl, wherein two water molecules are supposed to occupy the position
of the two (NH,)" ions, thereby forming stable complexes 2NH,Cl.MnCl, .
MH,0 and 2NH,Cl.CuCl,.2H,0 respectively. The existence of 13 Jine
structure on each of the hyperfine lines in the present experiments indicates
clearly that Cu®" ion responsible for the spectrum 1 is not the one which
goes in at a lattice site but the one which goes in interstitially at the centre
of the plane face containing four equivalent} bromines. As all the bromines
are equivalent the effective nuclear spin of the ligand nuclei becomes 6,
which gives rise to a superhyperfine interaction resulting in the splittimg of
each of the Cu®" hype-fine lines into 13 lines. When the Cu® ion goes in
the interstitial position, as indicated above, the charge compensation is
probably established by the removal of the two neighbouring (NH,)* ions
whose sites may remain vacant or may be substituted by neutral H,O mole-
cules. When the magnetic field is parallel to the z-axis, ie., the axis per-
pendicular to the plane contaming four Br~ ions and along the line joining
the two ammonium ion vacancies or water molecules, 6; the angle between
the direction of the magnetic field and Cu-Br bond axis becomes 90°, and
the shift in the field value due to shf interaction given in (5) becomes
(As — Ag) * £ mgy),. The superhyperfine structure is well resolved when
the magnetic field is parallel to the z-axis [i.e., (100) axis] while it gets blurred
and the intensities of the corresponding lines go down as the z-axis is deviated
from the ditection of the magnetic field. Therefore measurements arc
casried out for the spectrum with H parallel to Z and the parameter (Ag — Ag)
could be obtained. Ag and Ag are not calculated separately. As mentioned
carlier there is a clear indication from Fig. 1 that the low field component
(m, = 3/2) of the hyperfme sct is superimposed by some other strong lime
(or lines). This fact gets confirmed by Fig. 3 where the spectrum is taken
with H making an angle of 9° with the [100] axis and where the superhyper-
fine pattern gets smeared away. The cxistence of the different additional

-

t Bromine has two isotopes Br™® and Br® which are equally abundant. The effects of the two
different isotopes could not be separately distinguished here, probably because their magnetic
momients are not very much different from one another,  Therefore, in this context Br*® and Brét
will be taken cffectively cquivalent.

A .
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sets of hyperfine quartets (marked I, and Ip) at the low field vatue is clear
in Fig. 3. These two additional quartets are duc to the two other nter-
stitial pairs of Cu2 jons with their distoration axesperpendicular to the
Z-axis. In other words, the spectra marked Ig and Iy are probably the angular
parts of spectrum I, and are not clearly resolved for B paralkl to Z, giving
the shape of a broad strong line superimposed on the low field component
of spectrum I. Spectrum I is analysed using the equations (2a) and (25)
appropriate for tetragonal symmetry. For this spectrum Z-axis coincides

‘DPPH
!
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Fi1G. 3. EPR spectrum of Cu** in NH,Br at room temperature with H making 9° with {100]

axi;. Lines in the region marked I, and Iy arc probably the 90° parts of spectrum I.  Lines in the
region marked II are probably 90° parts of spectrum Il.

with the local distortion axis (i.e., {100] axis) and X and Y-axis coincides
jn\:ith t_he other two crystallographic axes [010] and [001] respectively. The
intensity of the spectrum I is found to be strongly angular depéndent. Fig. 4
§hqws the angular dependence of the intensity of m; = — 3/2 line and this
15 m agreement with the findings of Bir!” and Bir and Sochavals

.Apart. from spectrum I, the presence of a very weak spectrum (spectrum
1L) 1s noticeable in the region 2750-2950 G when [100] akis is parallel to H,
and It is shown in Fig. 5. The weak spectrum II, that is observed is
probably because of another type of complex (species II,). This could be
dqe to Cu> ions which go substitutionally to (NH,)+ ions and get associated
with first neighbour cation vacancies. This type of sites are relatively
very few in number, as indicated by the low intensity of the spectrum. No
detailed analysis of this spectrum is attempted as it is extremely weak. The
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F1G. 5. Part of the EPR spectrum ot Cu®* iu NH,Br at ronm temperature with H/[{100],
Arrows indicate the weak spectrum IT,.

approximate values of the constcmts obtained by using the equations (2a)
are given in Table ).

When the direction of the magnetic field is along the [110] axis of the
crystal, a fairly well resolved spectrum (spectrum II,) shown in Fig. 6 is
obtained but it does not reveal the presence of any superhyperfine structure.
It may be mentioned that when H is parallel to [110] direction, two-thirds
of the species I are expected to give a four-line spectrum centred at g = 2-1
corresponding to 6 = 45°, while one-third of the species I are expected to

™
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TABLE 1

Spin-Hamiltonian constants of the spectra obtained in BCC and tefragonal
phases of NH Br doped with Cu*c

Designation Description (
of of g A (Gauss) (A,—Az{G)
the the

spectrum complex
[ [nterstitial Cu?®* ions with g,,==2-0036 A =1382-0 21-14:08
planar co-ordination of +0-005 >
4 Br— ions at room
temperature g,=2217 B ~0
I(L.T.) Interstitial Cu®ions with g,,==2-032 A =164-0 12:6x£01
planar co-ordination of  +-0-001

4 Br—ions at —130°C.

I Cu®* ions at lattice sites g =2-34 A ~ 3]
associated with Ist
neighbour cation vacan-
Cies at room temperature

I Cu** ions at lattice sites g, =2-367 A =70-0
associated with 1st +0-005
neighbour cation
vacancies at —130°C. g,=2-152 B =68-4

+0-003
. Cu® ionms at lattice sites g,=2-301 A, =460
. associated with 2nd +0-001
nearest neighbour g,=2-15 A, =49-0
cation vacancies at +0-001

room temperature

111, Cu® ions at lattice sites g,=2-101 A, =100-2
associated with 2nd +0-001
neighbour cation g,=2-07 A
vacancies at —130°C. +0-001

2-67 A, =614

=970

give pmbably an unresolved spectrum at g = 2-22 corresponding to
8 =90°. The intensity of the former (8 = 45°) will be zero (see Fig. 4)
and is therefore not observed, while the latter (8 = 90°) is probably over-
lapped by the spectrum due to species 11, and adds to the general broadness
of the spectrum in Fig. 6. The spectrum IL, is very likely due to Cu?t ions
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at the ammonium sites associated with second nearest neighbour cation
vacancies lying on the [110] axis. The quartet marked II,( 1) represents
the 90° part of the spectrum II,, i.e., it corresponds to the Cu** jons associated
with the 2nd nearest neighbour cation vacancies in the plane perpendicular
to the magnetic field or the [110] axis of crystal. 'When H//[110], two-thirds
of this type of species 11, make an angle of 60° with the direction of the
magnetic field, and their spectrum (f = 60°) is expected to be too weak (see
Fig. 4) to be distinctly observed. The expected angular parts of the spectrum
due to this type of complex which H is parallel to [100] appea: to be obscured
by spectrum I, which can probably be seen to some extent in the region
marked I in Figs. 3 and 1. Spectrum II, is analysed using the equations
obtained by Bleaney etral appropriate for the orthorhombic symmetry.
The principal axes of the g-tensor X, Y and Z, lic along [001] and the mutually
orthogonal [110] and [110] axes of the crystal respectively. The spin-Hamil-
tonian constants are given in Table 1.

oprPH

i ) ] .
27756 29006 30256 31506

i
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F16. 6. EPR spectrum of Cu® in NH,Br at room temperature with [110] axis parallel to H
Lines marked 11, (L) are the 90° parts of the spectrum 1T, for H//[110].

B. Tetragonal phase

As mentioned earlier NH,Br is said to have a A-point transition at
— 381 °C. below which it goes to an ordered tetragonal phase. In the
present study the tramsition temperature is found to be —45°C. and not
—38-1°C., the change being probably due to the presence of the copper
impurity in the crystals used. The spectra are recorded down to — 130°C,
both by keeping [100] and [110] axes of the crystal parallel to the direction
of the magnetic field. The spectrum I that is obtained at room temperature
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showing superhyperfine structure persists at low temperature with a reduced
intensity and is shown in Fig. 7. [Called for convenience spectrum I (L.T.)].

DﬁPH
Ho(lLl)
iii’g( 1)
W 1A
‘/\‘M‘d (b\,
ki
ML) FWV
Iy
ILT 1 mI= —3/2
28 my=-72
1
T E{L)
2630G 31306 36306

H ——

Fic. 7. EPR spectrum of Cu®* in tetragonal NHBr at —130°C. {100] axis parallel to B
Spectra marked III (L) and T (L) are the 90° angular parts of the spectra III, and IIT; respec-
tively. Lines marked T(L.T) correspond to the spectrum I at low temperature.

This reduction in the intensity is probably because a number of Cu?*" ions
originally in the interstitial position get readjusted to the lattice sites after
phase transformation, the readjustment becoming more prominent at low
temperatures. Two superhyperfine sets of spectra 1 (L.T.) are clearly seen
in Fig. 6 towards the high field side of the spectrum and two other sets are
superposed on Il ( 1) lines. The spectra marked IIL,, 11T, ( 1) and ITI, (L)
are the additional spectra that came up in the teragonal phase and
they will be discussed clearly in the next para. The spectrum I (L.T.)
is analysed using the equations (2 @) and the constants obtained are included
in Table 1 and are found to be smaller than the corresponding values at the
room temperature. It is further studied at different temperatures and the
values of hyperfine constants A are plotted against temperature as shown
in Fig. 8. Unlike in NH,CPF the bhyperfine constant A decreases with the
lowering of temperature after transition. This is probably because of the
anomalous lattice expansion of NH,Br at low temperatures.® The 90°
parts of spectrum 1 (L.T.) are not clearly seen in Fig. 7 and probably they

are responsible for the broad absorption on which spectra 1II,, etc., are
superposed. |

3
‘
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As mentioned earlier, additional spectra marked IIl,, IIl, (L) and
IIL, ( 1) have come up at low temperatures, when the direction of the magnetic
field is parallel to [100] axis, and these spectra did mnot reveal the presence
of any superhpyerfine structure. Two mOTC mtense  quartets are obtanied

200 4
190 4

% 180

GAy

170

~140 ~100 -60 ~20 © 420 +a0
. (v
TEMPERATURE C —»

F1G. 8. Variation of hyperfine constant A with temperature for the spectrum |1,

{marked III, and III, (T)] with H parallel to [110] and are shown in Fig. 9,
and again these quartets also did not reveal the presence of any superhyper-
fine structure. The spectra III, and IIl, are very likely due to Cu®t jons

(L) DPPH
Mo(L) | MolLH] MLy

|

My Mo Mp H2

. 1
26906 310G 3650G
H e

F16. 9. EPR spectrum of Cu®*t in NH,Br at — 130° C., with [110] axis parallel to H. Lines
marked III, (L) are the 90° parts of spectrum III; for this orientation.
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which are in substitutional positions and which are associated with the first
and second neighbour cation vacancies respectively. Apparently, the bulk
of the Cu*" ions which are originally in the interstitial positions in the room
temperature phase of the crystal get readjusted to the lattice sites in the low
temperature phase. The spectra marked III, ( 1) and MI,( |) are the 90°
angular parts of the spectra III; and III, respectively. The spectrum 1l
is analysed using the equations (2 a) and (2 &) aund the constants are included
in Table 1. For this spectrum Z-axis coincides with 4-fold tetragonal axis,
X and Y axes coincide with the other two crystallographic axes. The
spectrum I, is analysed using the spin-Hamiltonian (3) appropriate for
orthorhombic symmetry. The principal axes of the g-tensor X, Y and
Z lie along [001] and the mutually orthogonal [110] and [110] axes of the
crystal respectively. In the analysis of all the spectra in the present study,

the quadrupole terms are neglected as they do not play an important role
~m =0 transitions.
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