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Nuclear Ferromagnetism in a Perovskite Structure
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Ferromagnetism of ' F nuclear spins in a monocrystalline KMgF3 sample has been observed by NMR
in the presence of a high magnetic field and in the microkelvin temperature range. The three ' F spins

of one crystalline cell are equivalent when the field is along the [111]axis of the crystal and inequivalent

for the field along the [100] axis. At negative temperature, the structures are ferromagnetic with

domains for both orientations. In the [100] orientation, it is a two-sublattice ferromagnetism: Spins be-

longing to diferent sublattices of ' F have diAerent polarizations within the same domain.

PACS numbers: 75.30.—m, 76.60.—k

Nuclear magnetic ordering (NMO) has been pro-
duced and investigated through diAerent experimental
methods in a variety of substances: insulators with light
nuclear species, ' Van Vleck compounds, helium

3, ' ' ' and metals. ' ' The spin-spin interactions re-
sponsible for NMO are of a diff'erent nature: dipole-
dipole interactions in insulators with light nuclei and in
Van Vleck compounds, both dipole-dipole and RKKY
interactions in metals and two-spins and four-spins ex-
change in He. Dipolar interactions are unique in that
they are known exactly, in both form and magnitude,
without any adjustable parameter. They are the only
spin-spin interactions in KMgF3.

For insulators and some Van Vleck compounds, NMO
can be produced in high fields, as a result of the very
slow nuclear relaxation at low lattice temperature. This
is done in a two-step process. " ' The first step is a dy-
namic polarization of the nuclear spins (DNP) through
oA'-resonance microwave irradiation of paramagnetic
centers at low concentration which decreases the nuclear
entropy; the second step is a nuclear adiabatic demagnet-
ization in the rotating frame (ADRF) performed by ap-
plying an rf field far off nuclear resonance and sweeping
slowly the external field towards resonance. The nuclear
ordering takes place under the eAect of the secular part
of the dipolar interaction, i.e., that part which commutes
with the Zeeman Hamiltonian. Its form depends on the
orientation of the external field with respect to the crys-
talline axes. Furthermore, the spin temperature can be
chosen at will to be either positive or negative by per-
forming the ADRF from below or above resonance.

The insulator KMgF3 oA'ers a wealth of new problems
for NMO in high field because of its crystalline struc-
ture. KMgF3 is a cubic perovskite' where fluorine nu-
clei are located on three out of four simple cubic sublat-
tices of a fcc lattice. The fourth simple cubic sublattice
is occupied by potassium nuclei and the magnesium nu-
clei are at the centers of the cubic cells. These last two
kinds of nuclear spins have small gyromagnetic ratios
and they play a negligible role in the ordering of the

fluorine spins. As regards their secular dipolar interac-
tions, the three sublattices of ' F spins are in general not
equivalent. Furthermore, they experience axially sym-
metric chemical shifts whose parallel axes are mutually
orthogonal, with o.& —o.

~~

= 10 ppm. These features
give rise to nuclear ordered structures different from
those observed so far.

Experimentally, the single crystal of KMgF3 was in

the shape of a sphere of 2.15 mm diameter, submitted to
a field of 4.8 T and cooled to 50-100 mK in a dilution
refrigerator. The paramagnetic centers used for the
DNP were F centers produced by bombarding the sam-
ple with 2.7-MeV electrons. For optimum results, the ir-
radiation time was 80 min, with a current density of 10
pA/cm, on a sample cooled by circulation of helium gas
at 230 K. The relative impurity concentration was about
10 . This is the most critical step of the experiment:
having enough impurities to yield an efficient DNP, but
not so many as to disturb too severely the ordering of the
nuclear spins. The microwave source at 135 GHz was a
carcinotron delivering about 1 W. Fluorine polariza-
tions of 70% were currently obtained after 12 h of mi-
crowave irradiation. The ADRF was performed with a
rf field of 3x10 T rotating component and a field
sweep of 3x10 T/s. The ordering was studied by cw
NMR measurements on ' F and K, at the respective
frequencies of 192.8 and 9.56 MHz.

The NMO was investigated at negative spin tempera-
ture, with the external field parallel either to the [111]or
to the [100] crystalline axis. It is for these two cases
that the theoretical critical entropy is highest. For both
cases, mean-field calculations predict ferromagnetism
with domains in the form of thin slices perpendicular to
the external field. For the orientation [111],all fiuorine
spins are equivalent. The Weiss field value for the criti-
cal temperature is T, = —0.51 pK. The case of the
orientation [100] is diA'erent: Two simple cubic sublat-
tices of ' F are equivalent and diff'er from the third one.
This gives rise to a two-sublattice ferromagnet with
domains where in each type of domain, spins of a
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FIG. 1. Two-sublattice ferromagnet with domains for the
external field Bp parallel to [100] at negative temperature. The
spins I and 2 are identified in the elementary cell.

different kind have different polarizations (Fig. 1).
Furthermore, because of the chemical shift anisotropy,
both kinds of spins have diAerent Larmor frequencies.
For an ADRF stopped at the average Larmor frequency,
the eAective Hamiltonian contains, in addition to the
secular dipolar term, small Zeeman terms of opposite
sign for each kind of spin. As a consequence, spins of a
given kind have polarizations whose modulus differs in

domains of opposite polarizations. This structure bears
some similarity to those observed for instance in binary
alloys or ferrimagnets, but the existence of diAerent
external fields on diA'erent sublattices would be difficult
to produce in electronic systems.

Figure 2 shows the absorption signals of K before
and after ADRF for the field orientations [111] and
[100]. The initial ' F polarization was 70%. The pro-
duction of ferromagnetism with domains shows up by the
splitting of the signal: K spins located in diAerent
domains experience difterent dipolar fields from the or-
dered ' F species. More quantitatively, we will use the
results of the Weiss-field approximation, to be detailed in

the forthcoming article. We call 1 and 2 the diAerent
kinds of spins, of relative proportion —,

' and 3, and label
with 8 and 8 the domains of positive and negative polar-
izations, respectively. The expressions for the frequency
splitting of the K signal are of the following forms.

For the orientation [111]

ace& =6qp~,

where p] =p2 = p] = p2.
For the orientation [100]

&rup =(q+qi)(pi —pi )+2(q+q2)(p2 —p2) . (2)

The coeAicients q, q[, and q2 are calculated from the
Fourier transform of the coefficients of the secular dipo-
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FIG. 2. ' K absorption signals. The upper signal is taken
before the ADRF and the lower signal after the ADRF. (a)
Orientation [111],negative temperature; (b) orientation [100],
negative temperature. The origin of frequencies is arbitrary.

lar Hamiltonian. Their values are

q =+0.353 kHz, q] =+0.717 kHz, qp =+0.171 kHz.

(3)

In Fig. 2, the splitting is h, co~ =1.15 kHz for the orien-
tation [111] whence p" = —p =0.54 and, according to
the Weiss-field approximation, T = —0.46 pK.

For the orientation [100], the splitting is hco~ =0.55
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kHz yielding, in the same approximation,

p'=+0.086, p', =+0.419,

pi = —0.292, p2 = —0.411,

and T= —0.522 pK.
The large diff'erence between the absolute values of p]

and p] is a consequence of the diAerence of Larmor fre-
quencies between spins 1 and 2.

Figure 3 is a plot of the transverse susceptibility g& as
a function of dipolar energy. Both quantities are derived
from the ' F absorption signal. Its first moment yields
the dipolar energy and its Hilbert transform yields the
transverse susceptibility. ' At low energy, the high-
temperature approximation for spin-temperature theory
yields a linear relation between g& and the dipolar ener-
gy, as observed. However, the experimental slope is
much lower than expected, which reflects the important
contribution of the paramagnetic impurities to the en-
ergy. These impurities are also responsible for the
smoothing of the variation of g& at the passage from
paramagnetism to ferromagnetism. Nevertheless, espe-
cially for the orientation [100], the value of g& in the
ferromagnetic phase is in reasonable agreement with
theory.

For a two-sublattice ferromagnet with domains, in the
orientation [100], one expects four resonances for ' F,
two in absorption and two in emission, produced by the
spins parallel and antiparallel to the external field. They
are observed below and above the average Larmor fre-
quency, respectively. The existence of absorption and
emission parts in the NMR signal is standard for sys-
tems with infinite Zeeman temperature and finite dipolar
temperature. ' NMR signals of ' F are shown in Fig. 4.
They were recorded at difI'erent times after the ADRF
and, because of the spin-lattice relaxation, they corre-
spond to increasing values of ~T~. The structure is fer-
romagnetic for the first two signals and paramagnetic in
the last one. The four resonances observed in the fer-
romagnetic phase show clearly the existence of four
diAerent dipolar fields experienced by two kinds of spins
in the two types of domains. The signals are not cen-
trosymmetric, a consequence of the chemical shift an-
isotropy. Their overall shape is as expected from theory
despite some broadening due to the dipolar field of the
paramagnetic impurities and to a possible small inhomo-
geneity of the initial nuclear polarization. By contrast,
for the orientation [111] the ' F resonance signal after
the ADRF is always centrosymmetric with only one peak
in absorption and one peak in emission.
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FIG. 3. Transverse susceptibility g& as a function of the di-
polar energy &i'Y&1 (a) Orien. tation [1 1 ll, negative tempera-
ture; (b) orientation [100],negative temperature.
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FIG. 4. ' F absorption signals of orientation [100] at nega-
tive temperature. Upper and middle signals: ferromagnetic
phase with domains; lower signal: paramagnetic phase. The
origin of frequencies is arbitrary.
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These results establish unambiguously the existence of
the ferromagnetic phases predicted on theoretical
grounds for a system noticeably diAerent from those
whose nuclear magnetic ordering has been studied up to
now.
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