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Mossbauer Study of Metamagnetic Transition in FeC1& and FeBr,t
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The metamagnetic (spin-Sop) transition is studied in single crystals of FeCI, and FeBrs using the Moss-
bauer effect and external magnetic 6elds up to 40 kG. From the changes which take place in the m= q -+
ye*= ~ and m = —

~
—+ m*= —

~ transitions when. FeBr2 passes through the spin-flop, the sign of the internal
field at the nucleus is found to be positive. In addition, the difference between the interionic dipolar fields
above and below the spin-fop transition is determined as —6.7 kG for FeBr2. The interionic dipolar fields
are also calculated for FeC12, FeBr2, and FeI2 above and below the spin-flop. The calculated difference for
FeBr2 is —6.8 kG, in good agreement with the experimental difference. The internal magnetic 6eld at the
iron nucleus in FeC12 is found to be —5.0 kG above the spin-flop. This result is used with the calculated
lattice sums to determine the internal field below the spin-fl. op. A value of +2.8 kG is found for this 6eld, in
agreement with earlier observations. The sign of the internal 6eld in FeI2 is predicted to be positive. Increas-
ingly positive internal fields going, down the series FeCl&, FeBr2, and FeI& are consistent with the interpreta-
tion that the iron-halogen bond is increasingly covalent. This is manifested in an increasing fraction of 4s
electron character in the Fe'+ electronic configuration.

I. INTRODUCTION

ANHVDROUS ferrous chloride and ferrous bro-
mide are both low-temperature antiferromagnets

exhibiting the spin-flop phenomenon (metamagne-
tism). ' ' Their unusual magnetic properties have been
studied with a variety of techniques, including the
Mossbauer eRect, '4 and have also been treated the-
oretically. ' ' In spite of the wealth of literature dealing
with these and similar materials, a full understanding of
the internal magnetic Geld at the nucleus has not yet
been attained. It seemed that valuable additional
information could be obtained by observing the eRects
of an external magnetic Geld on the Mossbauer spec-
trum. In this way the sign of the internal field may be
established and the eRects of the spin-Bop transition
on the field at the iron nucleus determined.

I'eC12 has the CdC12 structure and I'eBr2 the CdI2
structure. 7 Both materials have their spins aligned anti-
paral}el along the threefold axis below their respective
Neel temperatures (24'K for FeCls and 11'K for
FeBrs).' ' Upon application of a sujliciently large ex-
ternal Geld (10.5 kGfor FeCls and 31.5 kG for FeBrs) in
the direction of the spins, the antiparallel sublattice
Qops and the crystals become ferromagnetic.
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II. EXPERIMENTAL PROCEDURE AND
RESULTS

A. Sample Preparation

I'eBr2. 4H20 was prepared by dissolving iron metal
in HBr. The product was dehydrated at 400—500'C in
HBr gas. Crystals were then grown from the melt by
the standard Bridgman technique. The single crystals
of FeC12 used were prepared by Trapp. s

Thin sheets were carefully peeled from the crystals
and mounted in protective Lucite holders. The Lucite
holders were then mounted in the helium bore of a
Westinghouse superconducting solenoid. The actual
sample temperatures were not measured, but other ex-
periments with the solenoid used under similar condi-
tions gave sample temperatures of about 5'K. The
crystals were oriented with the trigonal axis along the
field direction, which was also the direction of propaga-
tion of the p rays.

B. Mossbauer Spectrometer

The Mossbauer spectrometer used employed a con-
stant acceleration electromechanical drive. Data were
stored in a 400-channel analyzer operating in the time
mode. A 20-mCi Co" in Pd source was used throughout. '
At zero applied Geld the experimental linewidths at
half-height were 0.28 mm/sec for the + rs ~ Ass transi-
tions in FeBrs and 0.35 mm/sec for the &-', —+ Ass
transition in I'eC12.

C. Procedure and Results

The spectrum was Grst measured at zero applied
Geld. The field was then increased to the maximum

( 40 kG) and succeeding measurements were made
going down in field. The observed spectra are shown in

8 C. Trapp, Ph. D. thesis, University of Chicago, 1962
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Figs. 1 and 2. Although the zero-6eld spectra have been
previously reported' 4 they are included here for com-
parison. The quadrupole coupling constants, isomer
shifts (relative to a Co" in Pd source), and effective
internal Gelds are listed in Table I. It should be noted
that the absence of the 6m= 0 lines which results from
the orientation of the single-crystal absorber reduces the
number of unresolved lines, and in the case of FeBr2
permits one to deduce the internal held and quadrupole
interaction without resorting to curve Gtting.

Marked changes occur in the FeBr2 spectrum upon
passage through the spin-Qop transition. Below the Qop
field, when the spin arrangement is antiferromagnetic,
the applied 6eld is parallel to one sublattice and anti-
parallel to the other. Hence the effective field is in-
creased for ions on one sublattice and correspondingly
decreased for those on the other. This sublattice splitting
collapses at the Qop Geld. Higher fields simply increase
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FiG. 1. Mossbauer spectrum of FeC12 single crystal at various
applied magnetic fields. (a) H =0, {b)H =8.48 kG, (c) H =10.6
kG, (d) H, =14.9 kG, (e) H, =21.2 kG, (f) H, =39.0 kG.
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Pio. 2. Mossbauer spectrum of FeBr2 single crystal at various
applied magnetic fields. (a) H, =O, (b) H, =21.2 kG—lines, as
labeled in Fig. 3, from right to left: E2" E~ EP Ej
(c) H&=29.65 kG—lines, as labeled in Fig. 3, from right to left:
&2" EP ZP E," (d) H, =32.85 kG, (e) H~=36.0 kG, (f)
H =39.0ko.

the eGective field at the nucleus, and hence the over-all
splitting. In the case of FeC12 the Qop Geld and the
internal Geld are so small that sublattice splittings can-
not be resolved, so that the spin-Qop transition is not
useful in determining the sign of the internal 6eld. The
changes which take place are illustrated. in Figs. 3 and 4.
Here the energies (in channel number) of the m=-,' -+
no*= —,

' and ms= ——', —+ m*= ——,
' peaks are plotted as a

function of the applied magnetic 6eld. These peaks were
assigned on the basis of their intensities and the size of
their splitting in the external Geld. They are the high-
energy lines (high velocity) in both FeBrs and Feels,
which indicates that the sign of the electric 6eld gradient
is positive (g,)0), as previously reported by Onos for
FeC12.



1010 D. J. SI M KIN

160
O

l50C0
l40

o I30

o I20

I
'

I
'

I

I
t
I
I
I
I
I
I
1
I

I
I
1

I

I

I

FeCl2
FeBr2
FeIg

&~ s (G)
Antiferromagnetic

—10 554
9416
7610

&~ a (G)
Ferromagnetic

—2695—2572—2280

TABLE II. Calculated dipole fields. The lattice constants
used were those given in Wyckofi (Ref. 7).
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small. Since covalency eRects can inQuence either or
both of these, a knowledge of the sign of H; as well as
its magnitude is useful in understanding the nature of
the bonding in a given series of I'e'+ complexes,

Fin. 3. Position of high-energy lines (high velocity) in FeBrs
at various applied magnetic fields. (Higher channel numbers cor-
respond to higher velocities. ) The solid lines are calculated line
positions. Dashed lines indicate the collapse of the 3 sublattice
line positions onto the A sublattice line positions.

TABLE I.EBective field, quadrupole splitting, and isomer shift
(relative to Co"/Pd) at various applied fields.

Applied Observed
magnetic magnetic

field field
H, (kG) H, ii (kG)

Quadrupole
split ting

AE (mm/sec)
Isomer shif t
S (mm/sec)

The internal field at the iron nucleus can be
written" "

H; =H,+H„b+Hg;p+Hg;p',

where H, = u(
~
lt J,(0)

~

'—
~
ft'(0)

~

') is the Fermi contact
or core-polarization term, H„b=2liii(r ')(I.,) is the
orbital-current term, Hs;v= syne, (s,) is the intraionic
dipolar interaction term, and Hq;p is the interionic
dipolar field. (S,) and (L,) are components of spin and
orbital angular momenta, in units of h, p~ is the Bohr
magneton, and q, is the electric field gradient at the
nucleus Lg.=(r '((3s'/r') —1))j. Both Harb and Haip
are positive (in the same direction as the ionic magnetic
moment), while H, is negative"; Hs;~' must be deter-
mined by performing a lattice sum. The sign of H;
depends primarily on the relative magnitudes of H,
and H„b because the dipolar terms are expected to be

III. DISCUSSION

A. Determination of the Sign of the Internal
Field in FeBr2

As shown in Fig. 3 the eRect of an applied magnetic
field, H„below the Bop-field is to split the lines due to
+is -+ +as, —sr ~ —ss transitions of ions on different
sublattices. %e do not initially know which zero-field
line belongs to the m=+rs —+mr*=+as transition and
which to the ms= ——,

' —+ m*= —
~ transition. Nor do we

know which sublattice peak is which. However, we may
write the shift of each of the two zero-field lines from
their center as

+1 s(3gl g0)IJrrHefEp

%=+s(3gt —go)uivH«i ~

where H, ff is the eRective field at the nucleus, p~ is the
nuclear magneton, go and gl are the nuclear g values of
the ground and excited states, respectively. "To obtain
the sublattice splittings we note that for an A sublattice
ion H, is in the direction of the ionic moment and it is
in the opposite direction for a 8 ion. If H;)0, the
applied Geld is in the same direction as H; for an A
ion) and

H, ti=Ht+H, for an A ion

H, ~f ——FI;—H, fOr a 8 lOn.

FeC12

FeBr2

0
8.48

10.6
21.2
39.0
0

21.2
29.65
32.85
36.0
39.0

0
0
8.1

17.49
37.7
29.6

57.86
58.54
64.59

+0.98+0.02'
+1.22~0.02~
+1.29+0.02
+1.29~0.02
+1.29+0.02
+1.29+0.02
+1.09&0.02
+1.09+0.02
+1.09+0.02
+1.09&0.02
+1.09&0.02
+1.09+0.02

O
I50—

g l40= -=

co l30-
t/)

CL
o l20

+ 7~ Thus the sublattices split, and the line shifts are given
+0.97+0.02
+0.97&0.02
+0.97&0.02
+0.97&0.02
+0.94~0.02
+0.94+0.02
+0.94'0.02
+0.94~0.02
+0.94~0.02
+0.94&0.02

& The quadrupole interaction was observed to increase in Feclm after
the crystal was subjected to large external magnetic fields; the second
measurement was made in zero field, after the crystal had been subjected to
a field of 40 kG. No explanation can be offered for this phenomenon at
the present.

"R. E. watson and A. J. Freeman, Phys. Rev. 123, 2027
(1961)."R.S. Preston, S. S. Hanna, and J. Heberle, Phys. Rev. 128,
2207 (1962).
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Fxo. 4. Position of high-energy line (high velocity) in FeCl&
at various applied magnetic fields. (Higher channel numbers cor-
respond to higher velocities, )
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Ei"—— ', (3—g i-—go) ii~(H;+ H.),
s(3gi go)per(H 'H—),

&s"=+s(3gi —go) piv(H;+H. ),
=+,'(3g —-go)IJ, (H;—H,).

(4.)
(4b)

(4c)

(4d)

Hence the following equivalences:

gB
g B'

gA' gB
gB' gA

(Sa)

(Sb)

(5c)

(Sd)

where the primes refer to the line positions with H;&0.
The two possibilities can be distinguished at fields above
the Aop-field. Since the 8 sublattice Qops, the sublattice
splittings must collapse to the position of the A sub-
lattice lines, with a small correction for the reversal of
the interionic dipole field of the 8 sublattice ions.
Figure 3 shows that the A sublattice lines are those
which correspond to H;&0.

The above discussion tacitly assumed no change in
the internal field after the spin-Qop. It is reasonable to
suppose that the spin-Bop transition does not aGect
H H b OI HQ'p However, in addition to the intraionic
field there is the field at each lattice point due to all the
other ions in the crystal Hp'p This interionic dipolar
field can be calculated by performing the appropriate
lattice sum. The sum will depend on whether the in-
dividual dipoles are arranged ferromagnetically or
antiferromagnetically. Thus the collapse of the sub-
lattice splitting is not expected to be exactly to the A
position, but to a position differing from it by the dif-
ference in the dipole sum for ferromagnetic and anti-
ferromagnetic spin ordering. These dipole sums" were
calculated for FeC12, FeBr2 and FeI2, and are listed
in Table II. The experimental difference for FeBr2,
obtained from Fig. 3, is

HA B—HA+B= —6.7 kG.

The calculated difference, from Table II, is

HA —B HA+B

which is in good agreement with the experimental
results.

'2 C. Kittel, Introduction to Solid State Physics {John Wiley
Bt Sons, Inc. , New York, 1953),2nd ed. , Appendix A.

For the four line positions below the flop-6eld the ex-
perimental points coincide well with the theoretical
shifts (solid line, Fig. 3). For H;(0, four lines in the
same positions are predicted, but this time the effective
fields are

H ff —H' H for A sublattice ions,

H ff
——H;+H, for 8 sublattice ions.

TABLE III. Internal magnetic 6eld H;, estimated contact 6eld
FI„and isomer shifts 8, relative to FeCl2.

FeC12
FeBr2
FeI2

H; (ko)
+ 2.8
+29.6
+'N. O

H, (kG)
—419—390—345

S (mm/sec)

0.00—0.03—0.049

II& and 8 are from Pfietschinger (Ref. 4).
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B. FeC4

Because no sublattice splittings can be observed at
fields below the Qop-field in this case, one cannot per-
form the same kind of analysis as in the case of FeBr2.
However, the data plotted in Fig. 4 for the splittings
above the Bop-field would indicate II;(0 in the ferro-
magnetic state (H;——5 kG from the extrapolated
crossover point on Fig. 4). Using the calculated lattice
sums we find that HA B—HA+B= —7.9 kG for FeCl~.
Thus the internal field, H;, below the spin-Bop transi-
tion is calculated to be +2.8 kG, which would not
lead to a resolvable splitting and so is in agreement with
the observed lack of a magnetic hyperEine splitting in
FeC12.

IV. CONCLUSIONS

The above result (that H;) 0 in FeBro) together with
the observation4 that the internal field increases (in
magnitude) on going from FeCls to FeBrs to FeIq
implies that H;&0 in FeI2 also. Using the experiment-
ally determined electric field gradients, g., (S,)= 1.68,
and (1.,)=0.68, "we may calculate values of Hz;, and
H„b. Then with these values, the experimental values
for H; and the calculated values of Hq;o' (Table II),
we can estimate H, for FeC12, FeBr2, and FeI2. The
results along with the isomer shifts are listed in Table
III. A comparison of these values for H, with those cal-
culated by%atson and Freeman" for various electronic
configurations indicates an increasing percentage of
4-s character in the Fe'+ electronic configuration in

going from the chloride to the iodide. This increase
vrould be expected as a result of the covalency of the
Fe-halogen bond. The decrease in isomer shift in going
from the chloride to the iodide (Table III) is also ex-

pected to result from an increasing fraction of 4-s
electrons. " It is interesting to note that the Fermi
contact field is much more sensitive to changes in
bonding than is the isomer shift (Table III).


