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X-band EPR measurements on Mni+-doped single isostructural crystals of three Tutton salts

M(NH&)2(SO4)z 6H20, M =Fe, Zn, and Mg, have been made at room, liquid-nitrogen, and liquid-
helium temperatures. A least-squares fitting method, employing numerical diagonalization of the
spin Hamiltonian matrix, fitting simultaneously a large number of resonant field line positions, has
been adopted to accurately evaluate the spin Hamiltonian parameters. The intensities of lines at
liquid-helium temperature have been used to determine the absolute signs of parameters. From the
known shape of the paramagnetic sample (M =Fe), the Mn +-Fe + exchange interaction has been

estimated to be 3.75 GHz in the paramagnetic host Fe(NH4)i(804)i 6HqO, using the g shift in the
paramagnetic from that in the diamagnetic hosts (M =Zn, Mg).

I. INTRODUCTION

Room-temperature 1-band EPR measurements on the
(Mn +-doped) iron ammonium Tutton salt
Fe(NH4)i(SOq)z 6HiO (FASH) have been previously re-

ported by Janakiraman and Upreti. ' They evaluated the
values of the parameters from the resonant line positions
obtained only for the magnetic field orientation along the
Z principal axis of the bz tensor, using perturbation ex-

pressions. The absolute signs of the parameters could not
be unequivocally determined, both because they did not
record spectra at liquid-helium temperature, and because
their measurements were confined to only one orientation
of the magnetic field. For example, they deduced oppo-
site signs for the hyperfme parameters A and 8. They re-

ported the observation of EPR spectra corresponding to
two physically inequivalent, but magnetically equivalent,
Mn + sites in the unit cell, the corresponding principal Z
axes making an angle of 70+5' from each other. As for
low-temperature measurements, they only reported that,
at 77 K, the spectra did not change significantly from
those observed at room temperature, the total spread of
lines increasing slightly at 77 K. As for the Mn2+-doped
zinc ammonium Tutton salt Zn(NH4)i(SOq)2 6H20
(ZASH) and the magnesium ammonium Tutton salt
Mg(NH4)q(SO4)z*6HzO (MASH), several studies have
been reported in the literature. Abe and Koga ' reported
EPR measurements on Mn +-doped ZASH at tempera-
tures below 1 K; in particular, the absolute sign of b2 was
found to be positive. Mn +-doped ZASH and MASH
EPR studies were first reported by Bleaney and Ingrain,
who carried out their measurements down to 20 K. They
estimated the values of the parameters; the absolute signs
of the fine-structure parameters were determined from the
trend of the spread of the hyperfine sextets as a function
of the external field intensity. In particular, the absolute
sign of the parameter bz was determined to be positive.
Hayashi and Ono reported further Mn +-doped ZASH
EPR studies at room temperature; their results were, how-

ever, in agreement with those reported by Bleany and In-

gram. Mn +-do ed MASH was also studied at the Q
band by Ingram. He estimated the values of the parame-
ters for Mn2+ in MASH. He noticed a slight reduction of
the electronic splitting in MASH as compared to that in
ZASH. Strach and Bramley have recently reported their
zero-field EPR results on Mn +-doped ZASH and
MASH. Their motivation was to determine accurate
values of the spin Hamiltonian parameters, as well as to
resolve the ambiguity in the sign of bi Their m. easure-
ments indicated a negative absolute sign of bi while Blea-
ney and Ingram determined the positive sign for the
same. (The sign of bz as found in Refs. 2, 3, 4, and that
in Ref. 6 are apparently not in disagreement due to dif-
ferent choices of coordinate axes; see Sec. VI.)

In the presence of an external magnetic field, crystals
containing paramagnetic ions become magnetized at
liquid-helium temperatures. This is equivalent to the
presence of an additional magnetic field inside the crystal,
over and above the external field. This manifests itself as
a shift of the g value in the paramagnetic host crystal
from that in an isostructural diamagnetic host crystal, and
depends on the shape of the crystal. Kittel has shown
that the g shift is 3M(4m/3 Ez)/2HO, wh—ere Xz is the
demagnetization factor along the axis of symmetry, M is
the magnetization, and Ho is the external magnetic field
intensity. In particular, Nz ——4m/3 for a spherical sam-

ple, while Xz ——0 for a thin disc when the magnetic-field
direction is in the plane of the flat face of the disc. In ad-
dition to the shift due to the magnetization of the sample,
there is another g shift experienced by paramagnetic ions
when introduced into the host lattice of other paramag-
netic ions. This is caused by the magnetic field produced
by the host paramagnetic ions at the site of the guest
paramagnetic ion whose EPR is being observed. This g
shift, obviously, depends on the guest-host exchange in-
teraction, as discussed in Sec. III below.

It is the purpose of the present paper to report detailed
EPR measurements on Mn +-doped single crystals of
FASH, ZASH, and MASH. The EPR will be used to es-
timate the absolute signs of the parameters both from the
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relative intensities of the lines at liquid-helium tempera-

ture, as well as from the spread of the fine-structure sex-

tets as a function of the magnetic-field strength. The
values of the parameters will be evaluated rigorously by
the use of a recently developed least-squares fitting pro-

cedure especially adapted to electron-nuclear spin c-oupled

systems. The accurate values of the g factors will be used

to estimate the Mn +-Fe + exchange interaction in the
FASH host. This study is similar to that made to esti-

mate the Mn +-Ni + exchange interaction " and the
Gd +-Yb + exchange interaction'z from the g shift in a
paramagnetic host crystal from that in an isostructural di-

amagnetic crystal.

II. g SHIFT

E(+—,,0)=E (+ ,',0—)+E'(+—,',0), (2.5)

and

E (+—,',0}=+gIz&Hz !2 —,—bz —2Pz,

E (+ 2 0)=96J ~f. +(g g—i)PBHZ —lC]

+10~'~I:+-(g gi)I—aHz P~]—.

(2.6)

In writing (2.7), the fact that there are two nearest neigh-
bors in a Tutton salt (separated by the unit-cell vector c)
has been taken into account. From the resonance condi-
tion (for the transition —,',0~~——,',0), hv=g, b,pziHz one

obtains from (2.5)

A. Exchange interaction
g~ =g —4g~'(g —gi) ~(P~)', (2.g)

At liquid-helium temperature the exchange interaction
of the Mn + ion with the host Fe + ions results in the
presence of an internal magnetic field at the Mnz+ site,
since magnetic moments are induced on the paramagnetic
host ions (Fe +) due to the polarization effect of the
external magnetic field. This results in a shift of the
resonant field value in the paramagnetic host, equivalent
to the shift of the g factor in the paramagnetic host from
that in an isostructural host lattice containing diamagnet-
ic ions. This g shift can be estimated by taking into ac-
count the effect of the Mn +-Fe + exchange interaction
in a perturbation calculation.

Considering the nearest-neighbor Fe + host ions only,
the total spin Hamiltonian of a Mn +-Fe + pair can be
expressed as:

Az ——%+A +A p, (2.1)

where

4 =gpziS H+BzOz+BzOz+B404+B404+BgOg,

(2.2)

is the spin Hamiltonian of the Mn + ion (S= —,
'

) (see Sec.
III for more details);

~=gieaSi H+PzOz+PzOz++~04+13~0~+P'404

(2.3)

is the spin Hamiltonian of the Fe + ion (S& ——2), and

A p ——JS.S), (2.4)

represents the Mn +-Fe + pair exchange interactions, J
being the exchange interaction constant.

The unperturbed wave functions of the pair are of the
form f&(M)@z(M'), where M =+—', , + —', , + —,

' (for the
Mn + ion) and M'=+2, +1,0 (for the Fe + ion). Thus,
there is a total of 30 basis functions yielding a (30X30)-
dimensional matrix for the pair system. Choosing the Z
axis to be along the external magnetic field and treating
A +A as the unperturbed Hamiltonian and A z as the
perturbation, the following perturbed eigenvalues are ob-
tained, after neglecting smaller zero-order terms,

where bz has been neglected, since bz &(Pq. Thus, J can
be estimated from a knowledge of g and gi, which are,
respectively, the g factors for Mn + in the isostructural
diamagnetic host and that for Fe + in FASH. When the
magnetic field is along the X axis, Pz in Eq. (2.8) should
be replaced by (jfz)' where (Pz)' is the transformed param-
eter in the system of axes where the X axis is the principal
axis of the gz" tensor. Thus, in this coordinate system

' 1/2
gxx g6-

4g(gxx gi )—d (2.9)

In Eq. (2.9) ggx, gxx, and gi are, respectively, the g fac-
tors as observed in the paramagnetic Tutton salt (FASH)
for Mnz+, in the isostructural diamagnetic Tutton salt
(ZASH or MASH} for Mn +, and in FASH for Fe +,
respectively. (Pp)'=1.5(Pz —Pg), where Pz and Pz refer to
the Fe + parameters in FASH in the coordinate system in
which the Z axis is the principal axis of the gz" tensor.

Mx =H (Xicos&+XzcosP+X3cosp )1/A (2.10)

In Eq. (2.10), X&,Xz,X& are the principal values of the sus-
ceptibility tensor, a,P,y are the angles made by the princi-
pal directions of the susceptibility tensor with the X axis;
d is the density of the FASH crystal, A is its molecular
weight, and H is the intensity of the magnetic field.

When the magnetic field is along the X axis, which lies
in the fiat face of a thin disk, the shift in the g factor due
to the shape of the crystal (as a thin disc) can be expressed
as

B. Shape effect

As mentioned in the Introduction, at low temperatures
there is an additional g shift introduced by the shape of
the crystal over and above that caused by the exchange in-
teraction. In the particular case reported in this paper,
the paramagnetic FASH crystal was chosen to be in the
shape of a thin disc, the fiat face containing the Xi,Xz
axes (see Sec. V, Fig. 1). The magnetization along the X
axis can then be expressed as (in emu):



3088 SUSHIL K. MISRA AND STEPAN Z. KORCZAK

6gzx 2——n Mzr /H =2n.(Xicosa+Xzcosi3

+X3cosy)d/A . (2.11)

III. SAMPLE PREPARATION, CRYSTAL STRUCTURE
AND SPIN HAMILTONIAN

The crystals were grown by slow evaporation at room
temperature of aqueous solutions of appropriate Tutton
salts to which sufficient manganese sulfate had been add-
ed so as to introduce one Mn + ion for every 1000 Fe +,
Zn +, or Mg + ions in the respective solution. The
crystal-growth habit of FASH single crystal is illustrated
in Fig. 1. In particular, the FASH crystals grow with a
large fiat face and a small rectangular face at right angles
to it. This rectangular face is coincident with the ac
plane. Similar growth habits are exhibited by ZASH and
MASH crystals,

The crystal structure of Tutton salts is monoclinic
(space group P2, /a). ' The unit cell parameters (a,b, c)
are approximately in the ratio (3,4,2) while the angle P is
about 105'. There are two formula units in the unit cell;
the two physically inequivalent divalent cations are situat-
ed at points (0,0,0) and ( —,', —,',0), each being surrounded

by a slightly distorted octahedron of water molecules. In
particular~ for FASH (Ref. 14) a=9.32 A, b=12.65 A,
c=6.24 A~ P=106.8'~ for ZASH (Ref. 15) a=9.28 A,
b=12.57 A, c=6.25 A, P=106.8'; and for MASH (Ref.
16) a =9.38 A, b = 12.67 A, c=6.22 A, P= 107.1'.

The spin Hamiltonian applicable to EPR in Tutton salt
is that appropriate to orthorhombic symmetry

~=gzzP a&z~z+gxxPa&x~x+ gn PaBx~r
'b 0 —+ Q 'b 0—ASI

m =0,2 m =0,2,4

+&(&XIz+& I )+Q'[I' ,
' l(I+1)]——

In Eq. (2.11), a demagnetization factor of 0, appropriate
to a thin disk has been used. Eq. (2.11), combined with
Eq. (2.10), can then be used to correct for the shape-
dependent shift of the g factor.

from the positions of the "allowed" lines (AM =+1,
6m=0; M and I are the electronic and nuclear spin
quantum numbers), as the corresponding resonant mag-
netic fields do not depend upon Q' and Q".

IV. EXPERIMENTAL ARRANGEMENT

A Varian V4506 X-band spectrometer was used for the
investigations reported in this paper. The magnetic field
was measured using a Burker Gaussmeter (B-NM20).
The temperature of the sample was varied inside a liquid-
nitrogen or liquid-helium cryostat containing a heater
resistor. For angular variation studies at low tempera-
tures, the magnetic field was rotated keeping the sample
fixed, while at room temperature it was the crystal which
was rotated keeping the direction of the magnetic field
fixed.

V. DATA AND EVALUATION OF PARAMETERS

The features of the EPR spectra of Mn + in all three
hosts, FASH, ZASH, and MASH, are the same. At any
temperature, there are observed two sets of spectra typical
of Mnz+ ions (a total of 30 allowed lines, i.e., five hyper-
fine sextets), corresponding to the two sites in the unit cell
into which Mnz+ ions can substitute. Except for the

+ Q"Vx —Ir] (3.1)

» Eq (3.1), g, uzi, ~, & (=—,
'

), I (= —,
'

), and 0P are,
respectively, the g factor, Bohr magneton, magnetic field
intensity, electronic spin (Mn + ion), nuclear spin (Mnz+

ion), and electron-spin operators (as defined by Bleaney
and Abragam' ). The X, I;Z axes are defined to be coin-
cident with the axes of the bz tensor in such a way that
the splittings of the hM =+1 lines (M is the electronic
quantum number) display extrema along L, F, and Z; the
maximum spread of these extrema is obtained for H~~Z
and minimum for H~ ~Y. ' The orientations of these axes
corresponding to the two physically inequivalent, but
magnetically equivalent, sites for Mn + are illustrated in
Fig. 1, which also exhibits the orientations of the magnet-
ic susceptibihty axes K~,Ez,Kz. (There is only one set
of these axes. ) In particular, it should be noted that Kz

~
jb

(Fig. I). The parameters Q' and Q" cannot be determined

FIG. 1. Orientations of the EPR axes X~, F~,Z~, X2, 7'2, Z2,
and the magnetic susceptibility axes El„E2,K3 in relation to the
crystal-growth habit of a FASH host. ABCDEE represents the
large flat face into which the crystal grows. EE'E'F is the sma11
rectangular face of the crysta1 which is coincident with the ac
plane; it is parallel to the E~,EC2 plane. The plane DD'A'A is
parallel to EE'E'E, while the plane 3"8"C"D"E"E"is parallel
to ABCDEE. The solid points drawn at the intersection of some
lines indicate that those lines actually cross each other. It
should be noted that the plane ADD'A' lies symmetrically with
respect to the planes containing the 7'&, Z& and the F2,Z2 axes.
The angles a, P, y made by E~,Kz, K3 with the X~ axis are 59.T,
49.8', and 55, respectively.
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difference in the orientations of the X, Y,Z axes these two
sets of spectra are identical in all respects. The angular
variation of room-temperature spectra in the ZX plane of
one site for FASH at liquid-helium temperature is
displayed in Fig. 2. It is seen that at room temperature

the overall separation of the lines for H~ ~Z is only slightly

greater than that for H~ ~X. As the temperature is
lowered it is found for all three, FASH, ZASH, and
MASH, samples that the overall separation of lines for

H~ ~X starts to increase, while that for H~ ~Z remains al-
most the same. Ultimately, below about 240, 250, and

130 K this separation for H~ ~X becomes greater than that
for H~~Z for FASH, ZASH, and MASH, respectively.
This is exhibited for the FASH host in Fig. 3; similar pat-
terns are obtained for FASH and MASH hosts. This
means that as the temperature is lowered the magnitude
of the parameter bz increases, finally becoming greater
than that of bz at lower temperatures. (See Table I, list-
ing the parameters. ) This behavior is similar to that ob-
served for Gd + in rare-earth-metal acetate tetrahy-
drates. '

As far as the orientations of the X, Y,Z axes, corre-
sponding to the two inequivalent sites, are concerned, the
following should be noted. When the magnetic field
orientation is in the ac plane, there is observed only one
set of spectra, indicating that this plane is the mirror
plane refiecting the axes corresponding to one physically
inequivalent ion into those corresponding to the other in-
equivalent ion. Thus, the two sites are oriented symmetri-
cally to the ac plane. The two X axes lie in the fiat plane
A "8"C"D"E"F"(Fig. 1), the angle between Xi and Xz
being 70'+1' for FASH. The two Z axes for FASH are
found to lie in the KiK& plane at angles +41.5' from the
ac plane. The Xz and Y2 axes corresponding to the Z2
axis (at —41.5' from the ac plane) are found to make,
respectively, the angles 35' and 30' with the ac plane (see
Fig. 1). For the other site, the Xi, Yi axes, likewise, make
angles of —35' and —30', respectively with the ac plane.
No measurements of these angles were made for ZASH
and MASH in the present investigations.

The spin Hamiltonian parameters were determined by
the use of a recently developed least-squares fitting (LSF)
procedure in which a large number of resonant line posi-
tions, observed for H in the ZX plane, are simultaneously
fitted, and the 36X 36 spin Hamiltonian matrix is numeri-
cally diagonalized on a digital computer. The evalua-
tion is done in two steps. First, from the fine line posi-
tions deduced from hyperfine sextets, assuming that the
hyperfine interaction is absent, the fine-structure parame-
ters are evaluated. These values are then used as initial
values in a subsequent LSF procedure to accurately evalu-
ate all the spin Hamiltonian {SH)parameters {fine and hy-
perfine) fitting simultaneously all clearly discernible
resonant line positions. This means that anywhere from
200 to 300 line positions are used. (This includes line po-
sitions obtained for magnetic field orientation between 0'
and 24' and between 66' and 90' in the ZX plane for the
three hosts. ) This reduces the parameter errors consider-
ably.

The absolute signs of the parameters are obtained from

the relative intensities of the lines at liquid-helium tem-

perature. In the spectrum for H~ ~Z, as the temperature is
lowered to the liquid-helium temperature, the intensity of
the highest-field sextet decreases relative to that of the
lowest-field sextet for all the three hosts —FASH, ZASH,
and MASH. This indicates that the absolute sign of b2 is
negative for all three hosts. ' lt is also in accordance with
the negative absolute sign for bz as indicated by the
spread of the various sextets. This spread decreases as H
increases for all the three hosts, indicating that the abso-
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2400—

(Sec. III), are found to be identical to those given in Ref.
7. This is further evidenced by the EPR spectra of Ref. 7
for H~ ~Z and H~ ~X, being similar to those observed in the
present investigation. Thus, if one were to transform the
bz, bz values as given in Table I of the present paper to
new (bz)' and (bz)' values, where Z~X and X—+Z, one
would, indeed, find a positive absolute sign for (bz)'
[=I 5(bz —bz) l.

K

I &$00—

2400—

&0 40 l00 )40 140 11O 260 300

TENPERATUiiK (K)

FIG. 3. Plot of the overall splitting of the EPR lines for the

FASH host for H~ ~R and for H~ ~R as a function of tempera-
ture. (Similar plots are obtained for ZASH and MASH hosts. )

The circles represent points for H~~2, while the triangles

represent points for H~ ~R.

B. Behavior of overall separation

of lines for H) )2 and H[(R

It is found that for all the three hosts, FASH, ZASH,
and MASH, the overall separation of lines for H~~Z is

slightly greater than that for H~ ~X at room temperature.
However, this splitting for H~ ~Z does not change signifi-

cantly with temperature, while that for H~~X increases
substantially with decreasing temperature, finally surpass-

ing the overall splitting for H~ ~Z below certain tempera-
tures for the three hosts. This behavior can be explained
to be due to the relative change in the positions of the ox-
ygen atoms and water molecules surrounding the Mn +

ion, as the temperature is lowered. (Similar behavior was
observed for the EPR of Gd + in rare-earth-metal acetate
tetrahydrates. ')

C. Orientations of X, Y,Z axes

lute signs of bz and A are the same. Since the hyperfine
interaction data yield a negative absolute sign for A, bz
also has a negative absolute sign. The relative signs of pa-
rameters are correctly determined by the I.SF procedure.
Thus, the absolute signs of all the parameters are deter-
mined unequivocally.

The average linewidth is the same (about 12 G) at all
temperatures, for all orientations of the magnetic field
and for all strengths of the magnetic field, for ZASH and
MASH hosts. As for the FASH host, it is independent of
the orientation or the strength of the magnetic field, being
about 12 G betwo:n room and liquid-nitrogen temperature
and about 18 G at liquid-helium temperature.

At liquid-helium temperature some extra lines at lower
magnetic field are observed for FASH. These may be at-
tributed to Fe + ion.

The values of the SH parameters for Mn + in ZASH
are recorded in Table I, which also contains the values re-
ported previously by other researchers. The correspond-
ing results for FASH and MASH are listed in Table II.

VI. DISCUSSION

The following points are worthy of discussion.

A. Ambiguity in the absolute sign of b2

The absolute sign of bz, as reported by Bleaney and In-
gram for Mn + in ZASH, is positive, while the present
measurements indicate a negative absolute sign. These ob-
servations are, however, not contradictory. As Strach and
Bramley have noted, the Z and X axes chosen in Ref. 4
are, indeed, coincident with their X and Z axes, respec-
tively. The X and Z axes, as defined in the present work

Detailed measurements were made on the FASH host
in the present report to determine the orientations of the
X, Y,Z axes (as defined in Sec. III) with respect to the

A A A.
crystal planes. It was found that Xi,Yi,Zi make angles
of —41.5', 35', and —30', respectively, with the ac plane.
The magnetic susceptibility axis Kz is parallel to the b
axis. For ZASH, Strach and Bramley found that the
Xi and Zi axes make angles of —33' and 33', respectively
with the ac plane, while the Xz and Zz axes make angles
of +33' and —33', respectively with the ac plane. No de-
tailed measurements have been reported for MASH.

D. Mn +-Fe + exchange interaction

Using the values given in Tables I and II, and the an-
gles made by the susceptibility axes Ei,Ez,Kz (Fig. 1)
with the Xj axis the Mn +-Fe + exchange interaction can
be estimated. Specifically, for use in Eq. (2.9) for Fez+ in
FASH Pq ——379.8 GHz; gxx is taken to be the average of
gx» values for ZASH and MASH hosts; as for gpss, the
gxx value for the FASH host was used, suitably corrected
for a shape-dependent factor using Eq. (2.11). For use in
Eq. (2.11) Xi ——1.02 emu/mol, Xz ——0.05 emu/mol,
X3—0.79 emu/mol, a =59.7', P=49.8', y =55' as given in
Ref. 20, and d=1.864 g/cm, 3=392.14. Finally, the
Mn +-Fe + exchange interaction constant is evaluated to
be 3.75 GHz.
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