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Magnetic ordering in KDy 3F;45: A system containing three orthogonal Ising lattices
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The rare-earth fluorides with KgF,, structure are cubic, with three nonequivalent sites for the rare-earth
ion, each with a tetragonal symmetry axis aligned along one of the three cubic axes. We present magnetic
susceptibility and magnetization results for KfBy,, a material which displays nearly complétsing) an-
isotropy of the magnetic moments along the local symmetry axis. Magnetic exchange is antiferromagnetic, and
the dipole-dipole interaction favors antiferromagnetism in the absence of exchange. Despite this, we observe a
spontaneously polarized magnetic state at low temperature. The explanation appears to lie in the relative
magnitudes of the two interactions.
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[. INTRODUCTION antiferromagnetism in this material, but because of the pecu-
liar KY 3Fo structure, the effect of exchange is drastically
The rare-earth compounds isomorphous with sK¥  reduced, and under certain conditions the combination favors

Il. EXPERIMENTAL DETAILS

R

A\

have a novel cubic structure, containing three nonequivalerat polarized state, which we observe.
sites for the magnetic rare earth ions. The structure was first
analyzed by Hong and PieréeThe space group is fcc
(Fm3m) but the symmetry of the rare-earth sites is tetrago-
nal (Cg4,), with the symmetry axis oriented along one of the  Samples of KDyF;, were made by combining and mix-
three cubic axes. The primitive fcc unit cell is pictured in ing the powders of the commercial rare earth trifluoride with
Fig. 1. The magnetic ions are separated by a minimum dis-
tance of approximately 3.9 A, and can be pictured as occu- I -
pying the vertices of a network of corner-sharing octahedra. -~ o
For antiferromagnetic exchange interactions, the system is ' ...
partially frustrated. In several of these compounds, contain- A
ing DY**, EF*, Tm3*, and YB'*, the magnetic moments y
of the rare-earth ions are highly anisotropic and essentially ! - >|L
(local) Ising spins, with the component orthogonal to the g - -
tetragonal axis in some cases too small to measure. These q-' ! Y/
unique materials are thus composed of three orthogonal Ising
systems. Because of the extreme anisotropy of the moments, L",
simple uniaxial magnetic order is not possible in these sys- — ML
tems, requiring a more complex ground state. In this paper
we report the magnetic properties of the first of these com- ) oy S—
pounds, KDgFg. . <,
Aside from their cubic structure, in certain respects these ‘, A\.
materials are similar to the tetragonal LiyEompounds. " 2
Both classes of materials have been studied for laser appli- * 4.,
cations. The rare-earth point symmetry is tetragonal in both ‘. 4
cases §, in LiYF,), and the rare-earth separation and den- ) &
sity are very similaf Also similar to those materiafsyve v o
find that in KDyF, the magnetic exchange interaction and ~u Y/ ‘
the dipole-dipole interaction are intrinsically the same order
of magnitude. In most of the LiYfmaterials, the ordered
magnetic state is predicted correctly by the dipole-dipole in-
teraction aloné:> We were motivated to study the magnetic K Dy F
properties of these materials, which have not been reported [+ @ <
before, first because of their very interesting structural char-
acteristics, and also to determine whether their magnetic g, 1. The primitive fcc unit cell for the KYF,, structure. The
ground state is similarly dominated by the dipolar interac-jightest spheres represent fluorine ions, the darkest ones rare earth,
tion. In contrast we find, similar to the situation in some and the intermediate ones potassium. The rare-earth ions occupy the
frustrated pyrochlore systems, including “spin ic&that  vertices of a network of cormer-sharing octahedra, each ®ith
both interactions must be taken into account in describingymmetry about an axis oriented parallel to one of the cubic axes,
KDy3F,9. We show that both interactions separately favorshown at lower left.
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KF in stoichiometric ratio. The starting materials were dried 0.25
by heating in vacuum at 200 °C before combining in an
argon-filled glove box. To eliminate residual oxide contami-

nation, 10% NHHF, was added to the samples, which were 0.20 1
then heated in a Ni boat under flowing argon at 350 °C for
several h. Transparent single crystals of KBy were
grown from the powdered samples in sealed Ni crucibles
using the Bridgman technique, at a temperature slightly over
1040 °C. Subsequent chemical analysis found no detectible
Ni impurities. Powder x-ray diffraction spectra of the com-
pleted samples were very clean, with all peaks indexed to the
cubic KY3F,q structure. The lattice constant for KBy is
11.634 A, consistent with previously reported valdles.

Static magnetic susceptibilities were measured using 0.05 +
shaped spherical samples with diameters of 1 to 2.5 mm.
Above 1.7 K, data were obtained using a Quantum Design ]
MPMS SQUID magnetometer, at fields of 10, 30, and 50 0.00 . ,
mT. Within experimental error, susceptibility was indepen- 0.0 0.5 L0 15
dent of field in this range. Below 2.5 K, samples were cooled
inside the mixing chamber of a dilution refrigerator, and Temperature (K)
magneti_zet?on was measured using fluxgate magnetometers. FIG. 2. Inverse susceptibility of KDy, from 0 to 1.5 K. The
Susceptibility measurements were taken at fields of 1, 1Qegyts of two sets of zero-field cooled measurements and one set of
and 50 mT, with the lowest field useful primarily at the low- field cooled measurements are shown. Below 0.2 K, the FC data are
est temperatures. Data taken with the dilution refrigeratofearly constant and very close to the demagnetization limit, consis-
were normalized to agree with data taken in the squid magtent with a spontaneous magnetization. The insert displays the full
netometer in the range 1.7-2.5 K. Magnetization sweeps asrange of data below 0.2 K.
function of field were obtained using the same instrument.

Temperature was measured using a CMN thermometer at 1 2
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mT, and with a germanium resistance thermometer, down to ~ #%P= — %[—91(141.00 +9%g7(140.50
70 mK only, at 10 and 50 mT. Both were located inside the sd
mixing chamber next to the samples. Accuracy in the tem- +gﬁ‘(0.50)]. (1)

perature readings is estimated to be about 2% above 30 mK,

and=0.6 mK below 30 mK. In this formula a is the cubic unit cell edgg, andg, are the

diagonal elements of the axially symmetdctensor of the
ground doublet of the rare-earth ion, aRd=(gZ+2g?)/3.
The small size of the final term in this expression is due to

The susceptibility of KDyF,, in the temperature range the peculiar structure of the K¥;, materials, and indicates
below 1.5 K is shown in Fig. 2. Above about 0.6 K, it obeys that 0;‘;" by itself is not a good indicator of the strength of

a Curie-Weiss law fairly accurately, withd,=—1.3 dipolar interactions when the moment is Is_ing-like. The
+0.2 K. There is a knee in the field cooled data in the vi-factors have been measured by paramagnetic resonance to be

_ 11 H dip

cinity of 0.2 K, below which the susceptibility is nearly con- 91=10-85, gi<1'5€;( _This leads to 0.017K46,
stant aty,.=7.8 cn/mol. The corresponding dimension- <0-105 K, sof,,= 6, within experimental accuracy and ex-
less susceptibility iSyo/Vime=0.197, very close to the Change is antiferromagnetic in this material. »
demagnetization limit for a spherical sample oD% 3/4+r . Because the obeerved prde_nng fe"?““fe in the .suscept|b|I—
=0.239. This is the behavior observed at low temperature "th eppeared to be in conflict with the mferre_d antiferromag-
a variety of ferromagnets beloW,.%° The small drop in netic exchange in KDy, the magnetization was mea-

t'{)'l't i the vicinity of 16' K i iblv due t sured as a function of external magnetic field at a
susceptibiiity in the vicinity 0 M 1S possibly due 1o temperature of-30 mK, well below the ordering feature in
instrumental drift; it was not observed in other specimens

X the susceptibility. A very sharp-cornered hysteresis loop was
Zero-field cooled data are much lower below about 0.2 K,yyserved. The data are shown in Fig 3. A small remanent

consistent with increased pinning of domain walls at |°V"ermagnetization of about 0.1& /ion is present, indicating that

temperature. _ o _ KDy;Fyo indeed has a polarized ground state, though it can-
Within the mean-field approximatior#), for a spherical ot be a simple ferromagnetic one. At the higher temperature

sample is the sum of parts due to the exchange and dipolgyf 135 mK, hysteresis was no longer observable. At this

dipole interactions: 6,,= 65+ ¢3P, where¢dP is given by a temperature we estimate the saturation moment to be an or-

lattice sum'® Using the lattice parameters appropriate forder of magnitude higher, at least g/ion, with the satura-

KY 3F19, we obtain the general result for this structure to betion field exceeding 0.2 T.

IIl. EXPERIMENT AND DISCUSSION
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fectly Ising-like, the exchange term will be identically zero,
since nearest-neighbor spins are all orthogonal.

It is instructive to first minimize the Hamiltonian assum-
ing Je,= 0. A random set of orientations for the spins in the

a2 ] cubic unit cell(24 for the KY;F;, structurg is selected. For
each spin arrangement, dipolar energy calculations were
1 made using the Ewald-Kornfeld method. The energy was

oz
d then minimized using the conjugate gradient metHodary-
ot ] ing all 24 spin orientations until an energy minimum is
found. This process is repeated several hundred times until
, . . H(0s) all minima are located, the lowest one taken to be the ground
€ fm =moam 23 state. For the case of isotropic momefeguivalent spins
this result could be checked against the prediction of the
Luttinger-Tisza method and was found to agree accurately.
This procedure predicts a dipolar ground state which is anti-
ferromagnetic, with a dipolar energy per spin-60.552 K.
(There is no general correlation between the sigﬂ\‘,’ﬁfand
the type of dipolar ground state, in the absence of
exchange?® This dipolar energy is comparable fq,, indi-
cating that the intrinsic magnitudes of the two interactions
FIG. 3. Magnetization as a function of H for KBy, at T are similar in size. This ground state consists of a collinear
=30 mK. A sharp-cornered hysteresis loop is visible, with a smallarrangement of spins along each of the three cubic axes,
remanent moment. alternating individually up and down along two of the axes
(e.g., x andy) but forming alternating head-to-tail chains
Some insight into these results can be obtained from @along the thirdz), and disagrees with experiment. Unlike the
numerical energy minimization calculation of the magneticLiYF, materials, the ordered state in KfFj, cannot be pre-
Hamiltonian afT =0. If we make the simplifying assumption dicted by the dipolar interaction alone.

M(p,/ion)
04 -

of isotropic exchange in KDyFyo, the Hamiltonian i&3 In the absence of exchange, a ferromagnetic energy mini-
mum lies approximately 20 mK higher than the antiferro-
B lz 1 (i) (o) magnetic ground state described above, and differs only in
24 i3 M- 1 r2 that the head-to-tail chains along thexis do not alternate

B ! but are all polarized up or down, producing a net moment of
_ E 1.5 S-—DZ 2 @ 80, sS per unit cube along one of the cubic axes. This spin
TR = =l arrangement is pictured in Fig. 4. We now gradually turn on
the exchange term and observe how these two dipolar states
whereu; = ug[g1S, [gi] is the localg tensor for spiri are modified. So long as the spins are completely aligned
and nearest neighbor exchange is assumed, but the dipolalong their anisotropy axes, nearest neighbor exchange re-
interaction is long ranged is a single-ion anisotropy coef- mains zero, and second neighbor exchange, between spins on
ficient andS;; denotes the component & parallel to the opposite vertices of a rare earth octahedron, merely raises or
local tetragonal symmetry axis. The crystal field is responiowers both states by the same amount. If hendy axis
sible both forD and for the anisotropy in thg tensor. From  spins rotate slightly away from their Ising axes, so that spin
spectroscopically determined crystal field parametetae S has a small orthogonal compone&)t, we can now under-
first excited state of DY in KDy3F,o 0ccurs 13 K above the  stand qualitatively how a ferromagnetic state is stabilized by
ground doublet. Above this temperature, the calculatedhe presence of antiferromagnetic exchange. To first order in
single-ion susceptibility is much less anisotropic, implyingS, the anisotropy energy is unchanged, as is the dipolar en-
an effective anisotropy constarf? of order 10 K. The ergy because, ~0. However, the exchange energy for a
exchange constant is obtained from 6.  single canted spin is changed BYJexS, - ZnnS; - This term
=279S+1)J/3kg, 181" where the number of nearest is zero for the antiferromagnetic ground state because the
neighborsz for this structure we take to be 8, and the effec-summation over nearest neighbor spins is zero to lowest or-
tive spinSof the ground doublet of DY is 3. Strictly speak-  der. For the ferromagnetic spin arrangement the sum is non-
ing, z=4 because neighboring octahedra differ slightly inzero, on average. Therefore by canting slightly away from
size, but the difference is less than 8%. This yields=  the polarized head-to-tail chains of spins, the alternating
—0.325+0.5 K. The last term in the Hamiltonian, the single spins along the other two cubic axes can reduce the exchange
ion anisotropy term, is therefore large compared to the interenergy of the system while hardly affecting the dipolar and
action terms, and the spirfassumed Heisenberg-like in the anisotropy energies. The decrease in average energy, per
beginning will be nearly aligned with their local symmetry spin, is given for §, /S)<1 by
axes. Due to the large magnetic moment of thé Dipn, the
assumption of semiclassical spins is reasonable. If we as-
sume the alignment is complete, so that the spins are per- Ae=J1,n;SS +S?(4D— Qy—Jey), 3

14,15
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quence of the peculiar structure of KERo, which strongly
reduces the magnitude of the exchange energy due to single-
ion anisotropy. This predicted state differs from conventional
weak ferromagnetisiff, which typically involves only ex-
change, and which results from a slight canting of two anti-
ferromagnetic sublattices by an anisotropic perturbation
which is small compared to the exchange energy. In
KDy3F;o, exchange is constrained by the large single-ion
anisotropy to be small compared to the dipolar energy.

The average saturation moment per ion along a cubic axis
for this arrangement iM o, =g, ugS/3=1.81ug . Subsidiary
local energy minima are found at higher energies which cor-
respond to states with smaller polarizations. These have, on
average, one through seven spins per cubic unit cell aligned
along a single cubic axis. The value of the experimental rem-
anent moment, 0.18;/ion, is most consistent with a state
containing the minimum polarization of one spin per cell,
corresponding to two head-to-tail chains out of every sixteen
polarized along the axis. Because the energy splitting be-
tween the polarized states is only of order 10 mK, an applied
field of order 10 mT can cause a transition from one to the
other. For this reason, the magnitude of the saturation mo-
ment atH>10 mT does not allow us to determine which

FIG. 4. Dipolar ferromagnetic state lying approximately 20 mK

above the antiferromagnetic ground state, obtained by minimizin : .
the Hamiltonian of Eq(2) with J..=0. Only the magnetic DY $tate we observe at low field. The discrepancy between cal-

spins within the cubic unit cell are shown. The ground state differscuIatlon and experiment is possibly due to the existence of

from that pictured in that the vertical chains of spins alternate upaniSOtrOpiC. exchange in KR, Wh"e Simp"ﬁ?d' this
and down. procedure is nevertheless useful in understanding how the

sum of two interactions, each of which favors an antiferro-

) i magnetic ground state in the absence of the other, can lead to
yvherenl is the average number & -S, bond.s per spim; a ground state which is polarized.
is the average number & -S, bonds per spin, anQq is a In conclusion, we have measured the magnetic properties
dipolar energy sum equal t61.796 K for KDy;Fyo. Forthis  of Kpy,F,,, a cubic system with axial moments nearly
staten; =3 and n,=3. If the magnitude ofJe, is suffi-  aligned along three mutually orthogonal Ising lattices. Sus-
ciently large, the energy of the ferromagnetic state will dropceptibility measurements indicate that exchange is antiferro-
below the antiferromagnetic one. By minimizing the energymagnetic, and calculation shows that the dipole-dipole inter-
per spin with respect t§, , we estimate that this occurs for action alone also favors an antiferromagnetically ordered
Je=—2(2D—Qu]A)Y%n;S, whereA is the splitting be-  state. Despite this, the material orders in a state with a spon-
tween the ferromagnetic and antiferromagnetic dipolar stategneous magnetization. By numerically minimizing the
in the absence of exchange. For KBy, this predicts a fer- Hamiltonian aflT =0, we find that this result is to be expected
romagnetic state fad.,<~ (—0.3 K), which is satisfied by when the ratio of exchange to dipolar interaction strength lies
the experimental value. Using the experimenthl,= in a certain range.
—0.325 K, we obtainS, /S=—J,n1/2(3D—Qg)~0.1 and
Ae=—0.022 K, so the predicted deviation from Ising-like

symmetry is small, and the overall spin-spin interaction en- We acknowledge helpful discussions of these results with
ergy is predominantly dipolar in origin. This is a conse- R.R.P. Singh.
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