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Spin reorientation due to change in sign of the temperature-dependent anisotropy ener-
gy has been studied in Mng_,, Cr, Sb (x =0 and 0.03) by nuclear spin echo measurements.
The behavior of the dipole and quadrupole hyperfine interactions and Ty is reported in
the region 180 to 280°K. The data suggest the possibility that a phase transition(s) is oc-

curring.

We have studied ferrimagnetic Mng_,Cr, Sb
(x =0 and 0.03) in the spin-reorientation tem-
perature region by nuclear spin-echo observa-
tions. A large change (by a factor of 2) in the
quadrupole interaction upon the reorientation
of the magnetization from perpendicular to pa-
rallel to the ¢ axis is observed as a change
in the modulation of the spin-echo spectrum
excited at the magnetic hyperfine frequency.
The results indicate a broad region of instabil-
ity as the spin-reorientation region is approached
and should provide a strong test of any dynam-
ical model which might be developed.

Neutron-diffraction studies have shown Mn,Sb
to have two molecules in each tetragonal unit
cell with magnetic moments of (+2.3+0.20)up
and (-3.87+0.40)up on the two types of man-
ganese sites, I and II, respectively.! Measure-
ments by Darnell, Cloud, and Jarrett? show
the anisotropy energy increases nearly linear-
ly between 200 and 300°K passing through ze-
ro (K,=-K,) at Tf=247°K. For Mny_,Cr,Sb
(0 sx <0.05), Tf monotonically decreases with
increasing x down to 200°K, where a first-or-
der transition to antiferromagnetism occurs.
The magnetization is parallel to the ¢ axis for
T>Tf and perpendicular for 7 < Ty.

The spin-echo measurements are made us-

842

ing a wide-band hybrid junction and wide-band
mixer. The sample, bulk pieces or powder
dispersed in paraffin, is placed in a copper
block at the shorted end of a 50-9 stainless-
steel coaxial line 25 cm long. The line is ca-
pacitor tuned and critically coupled to 50 Q.
A heater and thermocouple in the copper block
allow measurements to below 77°K. The oscil -
lator is able to provide rf fields H, up to 3 Oe
and pulses 0.5 usec wide. The powdered sam-
ple is Mn,Sb ground to 325 mesh (44 u) size
under a liquid. The bulk sample is Mn, 4, Cr, .Sb,
cleaved into thin flakes with surfaces perpen-
dicular to the ¢ axis.® These flakes were care-
fully stacked into piles to maintain uniform
c-axis orientation and were molded in paraffin.
Mn,Sb at 77°K has NMR signals due to Mn
at 143.7 and 126.26 MHz.* Applying fields up
to 10 kOe increases the higher and decreases
the lower resonant frequencies, and at fields
greater than the demagnetization field, the slope
dv/dH agrees within measurement error with
the gryomagnetic ratio of Mn. Assuming a
negative effective hyperfine magnetic field,
the electronic moment associated with the low-
er frequency is aligned parallel to the field
and is therefore the larger-moment site, II.
Thus the frequencies 143.7 and 126.26 MHz
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are associated with sites I and II, respectively.

The spin-echo spectrum is modulated by the
quadrupole interaction. Abe, Yaruska, and
Hirai® analyzed the results of a 90°-90° excit-
ing rf pulse pair and found that 7Av, =1, where
7 is the modulation period and Avg the quad-
rupole splitting. Marginal oscillator measure-
ments of site II at 77°K by Hihara, Koi, and
Tsujimura® yielded Avg =0.47 MHz, while we
measure 0.475+0.010 MHz indicating that the
above analysis is satisfactory for our system.

In Fig. 1 we show results of spin-echo mea-
surements on sites I and II near Ty At each
temperature, the measurements were made
at a single frequency determined by maximiz
ing the spin-echo signal by cyclically adjust-
ing all the tuning ‘“knobs.” The spin-echo am-
plitude is given by

t/T,

b

A(t)=[c+b cos(tt+8)]e

where =0 at the beginning of the second rf pulse,
the percent modulation is 100(b/c), and T, is
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FIG. 1. Quadrupole modulation of spin-echo spec-
trum in the spin-reorientation region for two manga-
nese sites, I and II. (Estimated errors are shown for

AVQ).

the transverse relaxation time. The two strik-
ing features are the disappearance of the mod-
ulation at 7+ and the apparent discontinuity of
Avg at T.. No distinct modulation can be de-
tected in"the region 245 to 246°K, so we have
indicated the approximate location of the pre-
sumed T (245+ 3°K) by the dotted line.” The
modulation was too small to measure its fre-
quency inside the reorientation region® (T 3°K),
but the frequency did not visually appear to change
until Tf was passed. The temperature depen-
dence of the quadrupole modulation is indepen-
dent of the rf-field amplitude over a 10:1 ra-
tio. For Mn, o, Cr, ,,Sb we find T¢ at 220°K,
which we expect from the anisotropy measure-
ments,? and a narrower transition region (our
powder samples presumably have more strains
and inhomogeneities). Otherwise, the behav-
jor is identical to that of our powder sample

of Mn,Sb. Applying an external field up to 1

kOe perpendicular to the ¢ axis in this sample
increases Tr and broadens the region over which
the modulation is unobservable.

It is important to note that the modulation
amplitude decreases with no measurable shift
in the quadrupole frequency. No modulation
was observable near Tf. There was no evidence
of a superposition of a modulation character-
istic of the opposite orientation, i.e., of dou-
ble or half frequency, when outside the reori-
entation region. If the magnetization were uni-
formly rotating from one direction to the oth-
er, we would have expected to see a continu-
ous change in the quadrupole frequency asso-
ciated with any change in the modulation am-
plitude. Our only proposal at this time is that
the magnetization is spatially unstable in this
region. From the experimental data present-
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FIG. 2. Transverse spin relaxation time, 7'y, in the
spin reorientation region for the two manganese sites.

843



VoLUME 20, NUMBER 16

PHYSICAL REVIEW LETTERS

15 ApriL 1968

T T T T T T

137
A, ASTE I

a o SITE O

134 | 2a A | =
&AAA%zA asl,

131+ | ﬂAAAAAAA_

400 T

n2 r °

108 c% -

104 -

NMR FREQUENCY ( MHz)

100 |-

96 -

92 |-

L ! ] ]
180 200 220 240
TEMPERATURE (°K )

FIG. 3. Resonant frequency for maximum echo am-
plitude. (Approximate error is given by the size of
the data points.)

ed here, we can draw no definitive conclusions;
however, the data presented in Fig. 1 strong-
ly suggest fluctuations in the orientation of the
magnetization and thereby the existence of a
phase transition(s).8°

In Fig. 2 we show measurements of T, for
the two Mn sites. We find anomalous but small
peaks above and below Tf. Above 260°K the
spin-echo amplitude is rapidly decreasing,
and reliable measurements are impossible above
about 270 and 280°K for sites II and I, respec-
tively. At temperatures down to 77°K, T, in-
creases monotonically. In the temperature
region 77 to 280°K, T,—the longitudinal relax-
ation time—decreases monotically. The minor
changes in 7, and T, in the reorientation region
are not adequate to explain the anomalous drop
in the modulation amplitude. Also, any fluc-
tuations that may exist are not causing gross
changes in the relaxation times.
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The frequency measurements, shown in Fig.
3, are also interesting. By drawing straight
lines through the high (7> Ty+ 15°K) and low
(T<Tf—15°K) temperature data, one notices

that a shift in frequency occurs on passing through

the reorientation region. There is no similar
shift in the magnetization, so we are probably
measuring here an anisotropic hyperfine inter-
action. The frequency measured is that of the
echo, not the oscillator pulses.

We shall report on all of these measurements
in greater detail elsewhere, with extension
of all the data to the liquid-helium temperature
region.
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