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We present magnetization isotherms in pulsed magnetic fields up to 62 Tesla, supported by first principles
calculations, demonstrating a huge uniaxial magnetocrystalline anisotropy energy - approximately 20 MJ/m? -
in UMn;Ge;. This large anisotropy results from the extremely strong spin-orbit coupling affecting the uranium
5f electrons, which in the calculations exhibit a substantial orbital moment exceeding 2 Bohr magnetons. We
also find from theoretical calculations that a number of isostructural Mn-actinide compounds are expected to

have similarly large anisotropy.

Introduction.  Uranium- 3d transition metal compounds
present a wide range of behaviors, ranging from super-
conductivity in UgMn and UgFe!, ferromagnetism with T,
above room temperature in UMn;,Ge;2, antiferromagnetism
and heavy-fermion behavior in UNi4B,3, and the unexpected
paramagnetism* in UMn,. All these materials appear to
present an interplay across energy scales, in particular in
which the uranium spin-orbit coupling rivals and sometimes
exceeds typical energy scales such as the crystal field splitting
and electronic band width.

Intrinsic magnetic anisotropy arises from this spin orbit
coupling. Therefore, one expects high anisotropy in actinide
magnets. However, in practice the situation is much more
complex, particularly for high Curie temperature materials.
While the anisotropy comes from the orbital moment direc-
tion set by spin orbit and the crystal field, magnetic order-
ing is generally due to electron hopping. Therefore high or-
dering temperature materials have a greater tendency towards
quenching of orbital moments, which then can reduce the
anisotropy. The stronger hybridization of the 5f levels of the
light actinides with ligand orbitals, relative to the 4 f elements,
leads to stronger crystal field effects and potentially higher or-
dering temperatures, but also again to higher bandwidth and
orbital moment quenching. On the other hand, the stronger
spin orbit greatly favors orbital moments and anisotropy.

In this work we report and discuss the experimental obser-
vation and theoretical predictions of a huge low-temperature
magnetocrystalline anisotropy energy (MAE) of 20.6 MJ/m?
in UMn,Ge;, which orders ferromagnetically above room
temperature with a large magnetization amounting to ~ 6

up per formula unit, or approximately 0.85 Tesla. This was
found by our high field measurements to 62 T on oriented
crystal samples. While such large anisotropies have previ-
ously been observed in certain rare-earth magnets such as
SmCos, to our knowledge this is the largest value observed
to date in an actinide ferromagnet. It arises from a magnetic
coupling between the manganese 3d and uranium S5f states.
Both the Mn and the U carry sizable spin moments which
are coupled to each other and in the case of U strongly tied
to the lattice via spin-orbit. The extremely strong spin-orbit
coupling in uranium then induces a large orbital moment on
the uranium atom, opposite to the spin moment as a conse-
quence of Hund’s rules, leading to the extremely large mag-
netic anisotropy. Large anisotropy in U-containing ferromag-
nets is not confined to UMn,Ge;; Ref. 5 suggests similar be-
havior for UCu;Ge;.

Experimental Results. Single crystals of UMn;Ge; were
grown from 3N purity elements in a molten Zn flux. The reac-
tion ampoules were made by loading the elements into a 2 mL
alumina crucible in the ratio 1(U):2(Mn):2(Ge):20(Zn). The
crucible was sealed under vacuum in a quartz tube, heated to
600 C over eight hours, held at 600 C for six hours, heated to
1050 C over six hours, held at this temperature for 24 hours,
and then cooled to 650 C over 200 hours. After removing the
flux by spinning the ampoules in a centrifuge, single crystal
platelets with typical dimensions of several millimeters on a
side and 0.5 - 1 millimeter thickness were collected.

As confirmed by x-ray diffraction, UMn,Ge; crystallizes in
the tetragonal ThCr,Si; (or 122) structure with a planar lattice
constants of 3.968 A and c-axis lattice parameter 10.71 A°.



As we will see, experimentally the moments lie parallel to the
c-axis and our calculations confirm this.

In Fig. 1 we show the electrical resistance data normalized
to the value at T = 400 K (Rnorm = R/R(T = 400 K)) versus
temperature T, where the electrical current was applied in the
ab-plane. For T > 360 K, Rnorm increases gradually with
decreasing 7. Many related U-based compounds that crystal-
lize in the ThCr;Si, structure exhibit similar behavior (e.g.,
URquiz7’8) due to Kondo driven hybridization between the
conduction- and f-electron states. At the manganese ordering
temperature Tc Ma ~ 360 K, Rnorm undergoes a decrease that
is consistent with a second order phase transition into the or-
dered state (right inset), and subsequently decreases gradually
with decreasing 7. Although magnetization, neutron scatter-
ing, and Kerr effect measurements reveal ferromagnetic order-
ing of the uranium ions near Tc,y ~ 150 K1 we do not ob-
serve any corresponding change in Rnorm, as we did not per-
form these more magnetization-sensitive measurements in this
temperature range. Finally, we find that Rnorm goes through
a minimum near 12 K and then moderately increases to the
lowest T measured (left inset). The low temperature upturn is
similar to what is seen for an effective single ion Kondo effect.

The likely Kondo physics apparent in the resistivity up-
turn below 12 K is somewhat reminiscent of URu,Siy,!2-16
which exhibits a substantial Kondo effect, with a Kondo
temperature'” of several hundred Kelvin. In UMn,Ge,, how-
ever, we estimate a much smaller Kondo temperature of or-
der 1 K, which is roughly consistent with the 10 K value ob-
tained from the upturn of the very low-temperature resistance,
considering the exponential dependence of Tx. Similarly, we
also estimate an RKKY temperature Trxxy (presumably link-
ing the U 5 spins and the Mn conduction electrons)'®!° for
UMn;,Ge; as approximately 10 K. The Kondo and RKKY
temperatures in UMn;Ge; are therefore three or more orders
of magnitude smaller than the spin-orbit coupling responsible
for the magnetocystalline anisotropy.

In Fig. 2 we show heat capacity Cp vs. temperature data,
where Cp/T decreases monotonically with decreasing T over
most of the measured temperature range. For 2 < T < 20 K
we fit the data (inset) using the expression C/T =y + BT?2,
where Y = 31 mJ/molK? is the electronic contribution and f
= 0.22 mJ/molK* is the coefficient of the phonon term, which
gives a Debye temperature (®p = 353 K). From 7, we infer
that weak quasiparticle mass enhancement exists inside the or-
dered state. Below T = 2 K, C/T undergoes a minor increase
with decreasing 7', which may signal the onset of a nuclear
Schottky anomaly.

The pulsed-field magnetization experiments used a 1.5 mm
bore, 1.5 mm long, 1500-turn compensated-coil susceptome-
ter, constructed from 50 gauge high-purity copper wire?.
When a sample is within the coil, the signal is V o (dM/dr),
where ¢ is the time. Numerical integration is used to evaluate
M. Samples were mounted within a 1.3 mm diameter ampoule
that can be moved in and out of the coil. Accurate values of
M are obtained by subtracting empty-coil data from that mea-
sured under identical conditions with the sample present. The
susceptometer is calibrated by scaling low-field M values to
match those recorded with a sample of known mass measured
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FIG. 1. Electrical resistance data normalized to the value at T = 400
K RnorMm = R/R(T = 400 K) versus temperature 7' for UMn, Ge,.
Left inset: Low temperature region of Ryorm(7) showing the weak
upturn for 7' < 13 K. Right inset: Ryorm(7') in the region surround-
ing the Mn ferromagnetic ordering temperature 7c mn ~ 360 K.
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FIG. 2. Heat capacity divided by temperature C/T vs T for

UMn;,Ge;. Inset: C/T vs T2. The solid line is a fit to the data,
as described in the text.

in a commercial SQUID or vibrating-sample magnetometer.
Fields were provided by a 65 T short-pulse magnet at
NHMFL Los Alamos. The susceptometer was placed within
a 3He cryostat providing 7's down to 0.4 K. B was measured
by integrating the voltage induced in a ten-turn coil calibrated
by observing the de Haas-van Alphen oscillations of the belly
orbits of the copper coils of the susceptometer?’. Figure 3
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FIG. 3. The results of pulsed-field measurements of the magnetic
anisotropy on axially aligned single crystals of UMn;Ge,. The pur-
ple lines represent the response for the field parallel to the easy-axis
(c-axis), and the black line for H applied in the plane. The red line
shows SQUID measurements made at lower fields.

depicts the results of the pulsed field measurements. For H
in the easy-axis ¢ direction, there is a rapid saturation of the
magnetization, reaching nearly 6 up per formula unit for a
field of less than 2 Tesla and then increasing very slowly up to
about 6.15 up /f.u. at 62 Tesla. There is some hysteresis ob-
served in the data, which may reflect granular microstructure
in the sample. For H in the planar direction, the situation is
very different. Although the magnetization increases rapidly
at first, reaching 2 up at roughly 5 Tesla, thereafter it rises
much more slowly and is not near saturation even at 62 Tesla,
the limit of the measurement. The strong curvature of M(H)
suggests unusual anisotropy behavior, apart from simply the
large magnitude of the anisotropy. For a tetragonal material
such as UMn,Ge,, the magneto crystalline anisotropy energy
(MAE) can be written in the form

E(8) = Eo + K sin*(8) + K> sin*(0) + ... )

where O is the polar angle of moment orientation relative to
the c-axis. For K; and K positive, the material is uniaxial.
Ordinarily one observes a K, much smaller than K; (We
neglect the higher order azimuthal term since we do not know
the samples’ azimuthal orientation). One then extracts the
field dependence of the magnetization by minimizing the to-
tal system energy with respect to polar angle, including the
magnetostatic term M-H; an explicit expression for this is
found in Ref.2!. However, the best fit has a Ky more than
ten times larger than K; - quantitatively, the values are 19.0
MJ/m? and 1.57 MJ/m?, respectively. It is difficult to under-
stand the reason for this behavior. Note that one can fit the
data (not shown), albeit with degraded high-field agreement,
by constraining K; to fit the low-field M vs. H slope, in which
case Kj is found as approximately three times K;. In Figure

3 we also show a fit with K, constrained to zero - the results
necessarily follow a straight line. The great curvature of the
best-fit line is specifically due to the size of K, relative to
Kj. While the relative magnitude of the anisotropy constants
is highly unusual, it is not unknown in actinide compounds;
Ref.22 presents a similar scenario for U3 Ass. The value of the
anisotropy field inferred from the fit is 117 Tesla.

One may check these fit values for self-consistency.
Another method of determining the anisotropy energy is
simply to measure the area between the magnetization curves
for the field in-plane and axial. Neglecting other stresses on
the crystal, this area represents the magnetic work necessary
to change the orientation of the moments from axial to planar.
The high field behavior of M(H) for H in the plane is assumed
to be linear up to the anisotropy field. This method gives
a total anisotropy energy of 21.8 MJ/m?, which is within 6
percent of the value from the fit.

First principles calculations. An extremely large anisotropy
is found in first principles results, which predicted this prior
to the measurements. First principles calculations, using the
linearized augmented plane wave (LAPW) code WIEN2K?
and the generalized gradient approximation (GGA) of Perdew
et al** were performed, with an RK,,,, of 9 and necessarily
including spin-orbit coupling. Sphere radii of 2.5 Bohr for
Uranium and 2.29 Bohr for Manganese and Germanium were
used, with up to 10000 k-points in the full Brillouin zone
used for magnetic anisotropy calculations. The calculated
magnetic moment was 3.95 up per unit cell, including an
orbital contributions of 2.01 up from the Uranium and 0.08
up from each Manganese.

Given the notable difficulties in modeling the actinides
from first principles, we do not expect complete agreement
with experiment, and our calculated moment is significantly
lower than the 6.15 up per formula unit we observe, and our
calculated MAE of 36.0 MJ/m? is substantially larger than the
experimental value. We find the ground state to have the Ura-
nium spin moment opposite to that of the Manganese, with
an energy penalty relative to U-Mn ferromagnetic alignment
of 140 meV per formula unit, indicating a U-Mn exchange
coupling Jy_ps, of some 8.5 meV. Such an exchange coupling
is perhaps somewhat surprising, given the large U-Mn near-
est neighbor distance of some 3.33 A . This energy scale
is, however, comparable to the approximate 150 K ordering
temperature” of the Uranium atoms, suggesting the impor-
tance of the Manganese interaction for the Uranium magnetic
behavior.

The calculated T-linear bare specific heat coefficient
Yo (spin-up and spin-down contributions summed) is 16.7
mJ/mol-K?). When this is compared to the experimental value
yfrom Fig. 2 of 31 mJ/mol-K?, using Y= yo(1+A) one finds a
a quasiparticle mass enhancement A of 0.9. Note that Yy com-
puted for planar moments (in fact, the 110 direction) is 11.1
mJ/mol K, or forty percent less. This suggests a spin-orbit
scale comparable to the crystal field.

We do not report here GGA+U calculations appropriate to
consideration of electron correlation since the light actinides,
including Uranium, are not typically regarded as strongly



correlated; indeed, recent work? has shown that the LDA and
GGA provide good descriptions of the properties of Uranium.

Discussion. To explain the observed magnetic proper-
ties of UMnyGe,, in Table 1 we present structural and
calculated magnetic results for UMn,;Ge,, UMn;Si;, and
UMn,, which we argue represent different degrees on the
local moment-itinerant behavior continuum. Note that
for UMn, we have used the experimentally observed or-
thorhombic low-temperature structure?®, rather than the more
well-known fcc structure. The plots depict a steady decrease
in the size of the spin moments on the Mn and U sites as the
respective Mn-Mn and U-U distances decrease. The U spin
moment decreases by some 11 percent from UMn,Ge; to
UMn;Si, despite a change in nearest neighbor U-U distance
of just -0.05 A. If extrapolated linearly this would yield a nil
U moment for a U-U distance of approximately 3.5 A, which
would fall in line with the Hill criterion?’ , which asserts that
U atoms order for U-U nearest neighbor distances of 3.5 A
or greater. With a U-U distance of 3.97 A in UMnyGe,, we
argue that the U moments are substantially localized. Sup-
porting this assertion are the separate ordering temperatures
of the U and Mn ions as observed previously by neutron
diffraction, with the Mn atoms ordering at approximately 360
K but the U atoms ordering at a much lower temperature of
approximately 150 K.

TABLE I. Nearest-neighbor distances and calculated spin moments
Mg of three Uranium Manganese materials.

Compound Mn Mg(up) Mn-Mn dist. (A) UMg U-U dist.

UMn,Ge, 2.10 2.81 -1.93 3.97

UMn, Siy 1.89 2.77 -1.72 3.92
UMn, 1.55% 2.41,2.53 -1 2.923.26

*Average of two inequivalent Mn sites in orthorhombic structure.

A related criterion for Mn?’ argues that Mn atoms order
magnetically for Mn-Mn distances above 2.7 A. We see that
both ferromagnetic U-Mn 122 compounds have nearest neigh-
bor Mn distances above this value, with a 10 percent decrease
in Mn spin moment as the Mn-Mn nearest neighbor distance
decreases from 2.81 to 2.77 A.

Interestingly, the calculated results for UMn,, while agree-
ing with the trend of decreasing moment magnitudes with de-
creasing nearest neighbor distances, are apparently at odds
with the experimental situation®®, which does not find mag-
netic order in this compound. We ascribe this inconsistency to
the well-known difficulties that actinide compounds present
to first principles calculations. The U-U nearest neighbor dis-
tances in this structure are substantially below the Hill cri-

terion value, suggestive of a non-magnetic state. The mag-
netism found theoretically has itinerant character as opposed
to the local character in UMn,Ge;.

Comparison of the three materials suggests that the Ge
atoms in UMn,Ge; provide spacers for the U and Mn atoms
so that these atoms can form sizable local moments; these
moments are much larger than those calculated for the UMn;
compound.

Since we anticipate that other 122 structure manganese ac-
tinide ferromagnets might also exhibit similarly large mag-
netocrystalline anisotropy, we present in Table 2 calculated

TABLE II. The calculated magnetic anisotropy (AE = Ej09-Ego1) of
several Mn 122 actinide ferromagnets.

Compound AE(MJ/m?)
UMn, Sip 314
UMH2 Gez 36.0
NpMn; Sip 29.2
NpMn;Ge, 31.0

anisotropy energies for several such Mn 122 ferromagnets,
including UMn,Ge,. All anisotropies are large and uniaxial,
and are remarkably similar in magnitude. Note however that
electron correlations become more important as the atomic
number increases in the actinide series. For example, the
metallic elements up to Np are generally viewed as itinerant
f-systems, Pu as a cross-over material and those above Pu as
localized. It is likely that the 122 structure is itself conducive
to large anisotropy due to the relatively low symmetry of the
actinide site. We expect that large anisotropies would likely be
found experimentally in these other 122 compounds if tested.

To summarize, we have shown experimentally that the
122 structure ferromagnetic manganese actinide compound
UMn,Ge; has a huge axial magnetocrystalline anisotropy,
found as 20.6 MJ/m? from pulsed magnetic field measure-
ments at the NHMFL. First principles calculations support
this finding and predict large anisotropies in several other
Mn-based 122 actinide ferromagnets, suggesting that large
anisotropy may be an intrinsic feature of this structure when
magnetic actinides are present.
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