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Nuclear magnetic resonance of oriented "Mn nuclei in antiferromagnetic Mnc12 4H20
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NMR of oriented Mn in antiferromagnetic MnC12 4H20 has been studied by monitoring the
change in y-ray intensity. The strongest line has frequency 500.4+0.1 MHz and weaker lines are
observed at 503.5+0.1 and 507.0+0.5 MHz. The linewidth is 35+5 kHz. A value for the hyperfine
interaction strength A = —203.8+0. 1 MHz is deduced. The 3.1-MHz splitting of the lines is due to
second-order magnetic "pseudoquadrupole" interaction (2.7 MHz) and pure quadrupole interaction
(0.4 MHz). Point-charge calculations agree fairly well with the latter value.

I. INTRODUCTION

The first observation of nuclear magnetic resonance of
oriented nuclei in an antiferromagnet has been reported by
Kotlicki and Turrell' who studied Mn-MnC12 4H20. In
this preliminary work a strong and sharp resonance was
observed at 500.4 MHz. In this paper we report further
measurements and present the experimental details and a
full discussion of the results. In particular, using a Ge-Li
detector we have observed higher frequency lines at 503.5
and 507 MHz. The shape of the line at 503.5 MHz is
quite distinctive and very interesting, being due to the
competing effects of the second and fourth rank tensor
contributions to the y-ray anisotropy and to effects of the
ensuing spin-lattice relaxation. A preliminary account of
this work has also been reported.

The isotope Mn is an excellent nucleus for nuclear
orientation: it has spin I=3 and the measured values of
the magnetic dipole and electric quadrupole moments are
p=+3.282p& and Q =+0.4 b, respectively. It also has
a simple decay first by electron capture to the 835-keV
level of its daughter Cr and then by E2 y decay to the
ground state.

The salt MnCI2 4HzO is a collinear antiferromagnet
with a Neel temperature T~-1.6 K and several studies
have been made of its magnetic properties. The crystal
structure is monoclinic (P=99.7') with four magnetic ions
per unit cell. The ionic positions and configurations have
been determined by x-ray analysis and by neutron diffrac-
tion. The magnetic structure of the antiferromagnetic
phase has been studied by NMR, neutron diffraction,
and nuclear orientation. The easy axis of magnetization
is known to be defined by polar angles 8=8' and / =3' in
the a*bc coordinate frame. ' The molecular fields have
been determined by susceptibility measurements, ' nu-
clear orientation, and specific-heat measurements. " The
nuclear contribution in the specific-heat measurement in-
dicated a hyperfine field of 64.5 T.

II. THEORY

A. Spin Hamiltonian and hyperfine interaction

Consider a system of ions with electronic spin S ordered
collinearly by an exchange field BE and under the influ-

The nuclear-spin quantization axis z determined by the
magnetic hyperfine interaction is defined by polar angles
(0,$) in the crystal frame XYZ.

For the above system, the spin Hamiltonian is

H=gptiBES, +D [S,——,S(S+1)]

+A I.S+P [I,' , I(I+1)]—, —

where the parameter

P=3e qg(3cos 8—I+2qsin Ocos2$)/8I(2I —1) .
Calculating to second order the separation of adjacent en-

ergy levels in the lowest hyperfine structure multiplet
(S,= ——,, I,=m) yields

~Em, m+1 E—5/2, m+1 E—5/2, m

—,A m2

= ——,
'

A + +P (2m + 1) .
gp~BE —4D

(2)

Note that the second and third terms in Eq. (2) have the
same dependence on m: the third term is pure quadrupole
and the second term is "pseudoquadrupole. " It is impor-
tant in MnC12 4H20 because of the relatively high value
of 3 and relatively low value of BE '

B. Nuclear orientation

In order to discuss the anisotropy of y radiation emitted
by oriented radioactive nuclei we assume that the magnet-
ic part of the hyperfine interaction in Eq. (1) is so much
greater than the quadrupole part that the effect of the
latter may be neglected. Note, though, that the general

ence of a crystalline field anisotropy interaction of
strength D. Assume that the nuclear spins are oriented by
an isotropic magnetic hyperfine interaction of strength A
and that there is a much weaker electric quadrupole in-
teraction. Regarding the latter interaction let the crystal
axes X, Y,Z be the principal axes of the electric-field-
gradient tensor Vz where we choose

I Vzz i
)

I
Vn I

) Vxx I

et ~zz=eq and
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case has been discussed. ' For a collinear antiferromagnet
in the absence of an applied field, the sublattice magneti-
zation vectors lie parallel and antiparallel to the easy axis,
Rnd, at tcIDpcfatufc T, the f-ray 1ntcns1ty normalized to
the warm count in a direction at angle a to the quantiza-
tion axis (easy axis) is

W(a) = —,
' W(a)+ —,

' W(a+a)= g. Bk UkFkPkcos(a) .

5W~ + I ———hc +i. Writing

, A—(gIJ,IIBs 4—D) '=P',
hv 3 2 ————,'A 3P—' 5P—,

[AW(0)) 3 2
——0.833(p 3

—p I),
(8a)

(3)

HcI'c Uk' RIc paf Rmctcrs I'clatcd to thc fRdloactlvc decay
and I'k are the I.egendre polynomials. ' The "orientation
parameters 81c g1vcn by

where C(I,k,I;m, O) are Clebsch-Gordan coefficients and

P is the fractional population of the mth energy level
which in thermal equihbrium is given by

5Am
p

[b W(0)] I I
———0.167(P 1—P I),

hv )0= —
~ A —I —P

[5W(0)] 1o
———0.167(P I

—Po),

Avo[ — 2A +I
[5W(0)]OI ——0.167(PO —P 1 ),
Avid ————,A+P'+3P,

[b, W(0)]II——0.167(pi —p2),
h v23 ———

2 3 +2I"+58,
[~W(0) ]21=0 8334» —S 3) .

(8c)

(8e)
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CXP

For the 835-keV transition in the decay of Mn the nu-
clear decay parameters are U2I'2 ———0.495 and U4I'4.
= —0.447 and the normalized y-ray intensity in the direc-
tion n =0 is

W(0)=l —(P3+P &)+0.667(P2+P I)

+0.333(PI+@ 1) .

Thus, as the nuclei are cooled the normalized intensity is
reduced below the value unity. The quantity c= l —W(0)
is often called the "y-ray anisotropy, " although in many
caI'ly QUclcaI' or1cntat1ons papcfs this QRIIlc w8S glvcn to
the quantity [I—W(IT/2)/W(0)].

The population distribution among the 2I + I levels can
be changed by applying an electromagnetic field of fre-
quency

+Ok, Nf +I IPt Nl + I (7)

The resonant absorption of energy from this radiofrequen-
cy (rf) field can be detected by monitoring the change in
y-ray intensity W(a). If the applied rf field b1 is intense
enough that the populations of the m and m + l levels are
equalized (saturation) then the change in y-ray intensity
can be calculated. For a=0, Eq. (6) can be used to calcu-
late the "signal" b, W(0)~ ~+1. For the case of Mn the
six resonance lines have frequency v +1 and strength

Note that in order to obtain significant signal strength
1t 1s ncccssafy that the populations betwccn Rd)accnt lcvcls
be quite different, which means that T (

~

A
~

/kII [see Eq.
(5)]. Since this also means that the lower the energy level
the greater its population, the signal stI'engths
AW(0) +I are quite different. Thus, for s4Mn the
stlongcst 11nc Rt v 3 2 1s poslt1vc, 1.c., there 1s RQ lnclcasc
in W(0) (decrease in e), whereas the next two lines at
v I, and v Io show a decrease in W(0) or an enhance-
ment of c. However, we shall see that the response of the
nuclear-spin system after resonance under the spin-lattice
interaction produces some surprising effects. Note also
that the above behavior is quite different from that ob-
served in conventional NMR; there, it is usual that the
high-temperature approximation T»

~

A
~ /klan applies

and all the lines have the same sign and intensity. A very
positive advantage of the NMRON experiment is that the
sign of the effective quadrupole interaction can be deter-
mined: The pseudoquadrupolar part P' is positive and, if
its magnitude is known, the sign and magnitude of P can
bc estimated.

Thc sp1Q-latt1cc 1claxatlon 1s tI'catcd by RssumIQg 8
dynamic hyperfine interaction of the form

H(I) =A I.SS(r) .

Transitions then occUf between adjacent cncfgy lcvcls RQd
we assume that the changes 1n population are governed by
8 master cquat1on

~Pm
+~+1Qm+I, m Pm(Qm, m+1+Qm, m —I)

Tllc 'tlailsltloll I'ates Q „ fl'OII1 level m to level II can be
defined 111 tcrIils of a spin-lattice rclaxatlon tllllc Ti
RI'C
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1 I(I+1)—m (m +1)
Ti 1+exp( —5A /2k' TI. )

1 I(I+1)—m (m +1)
+ ' 'ri 1+exp(5A /2k~ TI. )

(1 la)
In the NMRON measurement of an antiferromagnet,

just as in a conventional NMR experiment, there is
enhancement of the applied rf field bi by a factor (1+/).
Referring to Fig. 2, for bi applied perpendicular to the
easy axis the sublattice magnetization vectors M~ and M2
are rotated through an angle p given by

Here Tl is the lattice temperature, and the recovery of the
y-ray anisotropy to the value appropriate to thermal
equilibrium at that temperature can be calculated by solv-
ing Eq. (10) using Eqs. (11a) and (lib), and substituting
into Eq. (6). This is best done numerically using a com-
puter. Theoretical curves for the relaxation of 8'(0) after
the v 3 z and v 2 ~ transitions at Tz ——80 mK are
shown in Fig. 1. Of particular interest is the shape of the
relaxation curve after the v 2 i transition. The nuclear-
spin system is initially in thermal equilibrium at lattice
temperature Tl . At resonance there is a decrease in fV(0)
(increase in e) as given by Eq. (8b). Then as the rf field is
swept off-resonance, the spin-lattice relaxation causes the
8'(0) to increase to a maximum value aboue the thermal
equilibrium value after which it decreases back to the
thermal equilibrium value. This behavior was unexpected
and serves as a signature to the resonance. Experimental-
ly, the sharp decrease in 8'(0) (increase in e) will disap-
pear if the modulation frequency is too great, in which
case only a shallow hump of increased intensity is ob-
ser ved.

where 7z is the perpendicular susceptibility,
Mo ——

~
Mi

~

=
~
M2 ~, and we have assumed that the ex-

change field 8@ is much greater than the crystalline aniso-
tropy field. The rf field varying at frequency v will cause
the sublattice magnetization vectors to fluctuate at this
frequency and the nuclei will feel an rf field, enhanced by
hyperfine interaction, of value

T

~N
bi bi+&~si——np= 1+ bi .

8~

Here 8~ ——SAI/2p, and using Bz ——12T and 8~ ——60T we
calculate an enhancement factor
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FIG. 1. Theoretical curves for the spin-lattice relaxation of
the "Mn spins. At t=0 either the M= —3—+M=2 or the
M = —2—+M = I transition is excited by NMRON and then the
system is allowed to relax to a lattice temperature T~ ——80 mK.

FIG. 2. Application of an rf field b~ perpendicular to the
easy axis tilts the sublattice magnetizations producing enhance-
ment of b& at the nuclear site via hyperfine interaction.
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for Mncl, 4H,O.
For a line of halfwidth b,v, the condition for saturation

of the resonance is

(JM/Ih) bi(1+/) Ti &2hv . (14)

For Mn-MnC12 4H20, p/Ih=8. 33X10 rad/sec T, and

so we require
' 1/2

bi-5&(10 T .
1

(15)

III. EXPERIMENT

Two crystals of MnC1 4H20 were grown from a sa-
turated solution containing radioactive Mn. These crys-
tals were platelike with the flat area containing the c and b

crystalline directions. They had dimensions in the c, b,
and a directions of approximately 15, 10, and 2 mm,
respectively, and each had an activity of -5 pCi. The
two crystals were tied with cotton thread to each side of a
copper fin using Apiezon N grease for thermal contact.
The fin was connected to the mixing chamber of a dilu-
tion refrigerator. The c axes were aligned vertically and a
Ge-Li detector or a NaI detector was mounted to count
y-rays emitted in the downward vertical direction. (The
Ge-Li counting system was used in long runs over wide
frequency ranges because of its greater stability. ) This
meant that the measurements of y-ray intensity were
made at an angle a=8' [see Eq. (3)) to the quantization
axis. However, the normalized intensity 8'(a) differs by
only -3% from 8'(0). In these experiments no external
steady magnetic fields were applied. The rf field was ap-
plied along the crystalline b axis by means of a coil placed
on a plastic window in the 1-K copper shield of the dilu-
tion refrigerator. The power of the rf field needed to satu-

rate the resonance was such that some eddy current heat-
ing was produced in the fin which in turn warmed the
crystals. Since the y-ray anisotropy depends on tempera-
ture it was important to differentiate between changes in
anisotropy due to the magnetic resonance and those due to
eddy current heating. This problem was solved by main-
taining the fin temperature closely constant by means of a
carbon resistor attached to it close to the specimen and us-
ing this resistor as a feedback control to provide continu-
ous adjustment of the rf level. We checked that during
the frequency sweep through the range of interest the level
of bi was sufficient to produce the maximum change in
y-ray anisotropy and that the anisotropy was changed
very little in sweeps off-resonance.

The dilution refrigerator cooled the copper fin to about
15 mK and the specimen crystals reached a temperature
-50 mK. The specimen took many hours to cool due to
the weak spin-lattice interaction and poor thermal contact
at the fin crystal boundary. When the rf field was
switched on the temperature rose to -80 rnK and the y-
ray anisotropy was e-0 07 Th. e f.requency was swept up-
wards through the strongest resonance and we observed
v 3 z ——500.4+0.3 MHz in agreement with our earlier
more accurate measurement' of v 3 2 —500.4+0. 1 MHz.
A typical run is shown in Fig. 3. A run over the frequen-
cy range 497—509 MHz is shown in Fig. 4; note the sharp
strong increase in y-ray intensity at v 3 2 and additional
increases at frequencies of approximately 503.5 and 507
MHz. To study more closely the spectrum above v 3

runs were made either starting just above this frequency
and sweeping upwards or starting well above and sweep-
ing downwards. All these runs showed evidence of struc-
ture at 503.5+0.1 MHz and at 507+0.5 MHz. The line
seen at 514.7 MHz in the earlier experiments might possi-
bly have been a higher frequency line, but more likely was
a spurious effect resulting from an instability in the NaI
counting system. A slower run with smaller modulation
and better resolution displays the signature of the v 2
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FIG. 3. The most intense NMRON line corresponding to the
M= —3—+M= —2 transition. There data were collected using
a NaI detector system.
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FIG. 4. A sweep over the range 497—509 MHz using a Ge-Li
detector system. Arrows indicate the positions of the weaker

M =—2~M = —1 and M =—1~M =0 transitions at higher
frequencies.
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line, i.e., a sharp enhancement of the anisotropy followed
by an overshoot of the equilibrium value. Actually, it is
impossible to get a good theoretical fit to the raw data.
However, if it is assumed that there is a slight warming
effect through the run, as evidenced by the increase in
counts before resonance, and a correction made for this,
an excellent fit with the theoretical model is attained as
shown in Fig. 5. We conclude then that
v 2 I ——503.5+0. 1 and v Io——507.0+0.5 MHz.

The linewidth of v i 2 was obtained by monitoring the
y-ray intensity as the rf sweeper was advanced in 1.0 kHz
steps with modulation frequency 1.5 kHz. This run is
shown in Fig. 6 where each plotted point represents the
average of eight consecutive raw datum points. Reanalyz-
ing the data assuming a Gaussian distribution of reso-
nance frequencies, we find that NMRON y-intensity spec-
trum is best fitted with a halfwidth at half maximum
5v=35+5 kHz rather than the value of 60 kHz previously
reported.

Our measurements of the spin-lattice relaxation do sug-
gest that there may be size and/or impurity' effects.
Thus, measurements on three crystals of increasing size
yielded values for Ti of (2.0+0.3) &(10 sec, (7+1)&&10

sec, and (25+4) && 10 sec. However, we can draw no firm
conclusions because TI certainly depends strongly on the
lattice temperature which is difficult to estimate accurate-
ly.

We also investigated the strength of the NMRON sig-
nal as a function of rf field amplitude. An rf power meter
was used to calibrate the rf level at the specimen site for
the different output settings of the rf oscillator. For field
amplitudes above 1.3)&10 T a constant (maximum)
NMRON signal b, W(0) was obtained; below this field the
signal fell off rapidly. In the experiments the oscillator
was set to generate a field of -3X 10 T at the crystals.
Using Eq. (15) we find that the saturation condition for

Av= 35)& 10 Hz and T& ——10 sec requires b I & 1 X 10 T
in good agreement with the above observations.

IV. DISCUSSION QF RESULTS

A. Quadrupole interaction

The separation of the resonant frequencies and the rela-
tive intensities of the lines allow us to deduce from Eqs.
(8) that (P'+2P)/h =+3.1 MHz. Using the value of
BE 4D/g—pii ——1.39+0.01 T deduced from susceptibility
measurements, we also calculate A /Ii = —203.8+0. 1

MHz, P'/h =2.66+0.02 MHz, and, hence,
P/It =0.22+0.05 MHz.

We have performed point-charge calculations of the
electrostatic field gradient for two models. Model 1 is
Baur's model' for calculating the electrostatic energy per
unit cell, which is consistent with neutron-diffraction
studies: charges of +2e, —e, —e, and + —,'e are allocated
to the Mn, Cl, 0, and H ions, respectively. In model 2, we
assume the water molecules are completely neutral (no
charge on either the 0 or H ions) and the Mn and Cl carry
+2e and —e, respectively.

For model 1 we find q= —0.026X10 cm and
g=0.981, with the X, Y, and Z axes coinciding with the
(0.056,0.681, —0.730), ( —0.242, 0.718,0.652), and
(0.969,0.140,0.205) directions, respectively, in the a'bc
frame. From these results we calculate a value of
P/h =+0.072 MHz, assuming that the antishielding fac-
tor (1—y „)=9 as given by Yasuoka et al. '

For model 2 we find q =0.128 && 10 cm and
g=0.746 with the X, Y, and Z axes coinciding with the
(—0.152,0.882,0.445), (—0.938, —0.271,0.217), and
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FIG. 6. Data obtained in a run in which the rf sweeper was
advanced in 1 kHz steps with modulation 1.5 kHz. Each datum
point is the average of eight consecutive steps. The line is the
theoretical result assuming a Gaussian distribution of resonance
frequencies with a HWHM of 35 kHz.
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(0.312,—0.385,0.869) directions in the a'bc frame. We
calculate for this case Fib =+0.63 MHz assuming the
same antishielding factor. Both calculated values of P are
positive and the experimental value lies between them,
which is satisfactory considering the simplicity of the
models.

B. Hyperfine field and (S, )

The value of the magnetic hyperfine parameter deduced
from our measurements is A = —203.8 Mhz which corre-
sponds to a hyperfine field of 8& ———61.1 T. Actually,
there is a contribution from the dipolar field of all the
other manganese ions which we estimate to be +0.12 T, a
fairly small value due to the array of magnetic ions being
close to cubic. Note that any contribution to a frequency
shift from the Suhl-Nakamura interaction' ' is negligible
because the Mn spins are very dilute (-3&(10' cin ).
Thus, the contribution to Btv from the AS. I interaction is
—61.2 T, a value smaller than expected from results on
other manganese ions. In MnF2 and Mn +-ZnF2 the
values of Btt are 63.5 and 63.9 T, respectively. ' In fact,
one would expect zero point deviation to cause the former
value to be 2.4% less than the latter, but it is surmized
that cation-cation interaction produces off-setting effects.
The difference between the MnClz 4H20 and Mn +-ZnF2
is 4.2%. Zero point deviation (also 2.4%) would account
for some of this difference. Crystal field effects from an
ES„ term in the spin Haniiltonian, Eq. (1), with
E=1. 2xl 0' erg' would reduce (8, ) by a further
0.2%. The residual 1.6% remains a puzzle, although we

note that EPR measurements show a significant variation
in the value of A for the Mn2+ ion in different hosts. '

C. Linewidth

The concentration of Mn atoms in the sample is
-2)(10' atoms per cm compared to -6&10 ' Mn
atoms per cm . The Suhl-Nakamura interaction is an in-
direct coupling effective only between identical nuclear
spins and its contribution to the Mn linewidth is com-
pletely negligible. The measured linewidth of 35 kHz for
the —3—+ —2 transition is relatively very narrow com-
pared to the linewidth of -500 kHz for Mn in MnF2,
for example. ' lt is also interesting to note that in MnF2
there is an extra broadening effect which is M dependent
and is -70 kHz for the outer —', ~—', transitions. This ef-
fect is attributed at least partly to strain-induced quadru-
polar broadening and it is tempting to suggest the same
cause for the linewidth observed in our experiments.
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