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Unusual temperature-dependent exchange interaction in GdFe,Al;, in comparison with GdRu,Al,
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We investigated the magnetic properties of the antiferromagnetic (AFM) compound Gd7,Al;y (T = Ru and
Fe). Although GdRu,Al,, could be understood well as a simple AFM compound, the exchange interaction in
GdFe, Al is found to be greatly varied with temperature. The magnitude of the AFM exchange interaction is
reduced with decreasing temperature. We ascribed its origin to the exchange enhancement of the Fe ion with
a decrease of temperature as was observed in YFe,Alg. The ordered moment is found to be along the [011]
direction in the bc plane in both compounds from the anisotropic magnetic susceptibility. The origin of the
magnetic anisotropy below Ty could not be understood by the magnetic dipole interaction, which might come

from the AFM order on the zigzag chain.
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The Kondo semiconductors CeT;Aljy (T = Ru,Os) with
orthorhombic YbFe,Alj(-type structure has attracted consid-
erable interest due to their unusual long-range order.'~ These
compounds are the first Kondo semiconductors showing AFM
order.®” In the AFM phase, the AFM alignment of the nearest
neighbor (NN) Ce moments on the zigzag chain along the
c axis is realized.® The AFM order is accompanied by a
large spin gap and charge gap.®'® Their origins have not
yet been clarified. One of the most unusual properties of
these compounds is the magnetization easy axis along the
¢ axis below Tp. This is not consistent with the magnetic
anisotropy of x, > x. > x» above To. X4, X», and x. are
the magnetic susceptibilities along the three crystal axes.
This is in contrast with the normal magnetic anisotropy
in NdT,Aljo. In these compounds, the experimental results
strongly suggest mar || a, consistent with y, > x. > x» in
the paramagentic region.'"'? Here, mpy is the AFM ordered
moment. Furthermore, a quite strange spin-flop transition from
mapm || ¢ to || b for H || ¢ takes place at 47.'%'* Although
the anisotropic c- f hybridization was proposed as the origin
of the unusual magnetic anisotropy in the AFM phase, the
microscopic mechanism has not been clarified.'">"'® On the
other hand, CeFe, Al is the intermediate valence compound
without showing the magnetic order. The Fe ion contributes to
the stronger c- f hybridization than that in CeT Al (T = Ru
and Os).!” Thus, a difference of T ion induces the quite
different ground state in CeT,Al .

Although CeT;Al; has been studied extensively, reports
on the LnT;Al;p (Ln = rare-earth atom) system are very few.
At the early stage, systematic studies using polycrystals were
performed by Thiede et al.! Recently, we reported the detailed
study of the structure parameters of Ln7,Al}y (T = Ru and
Fe).'® Macroscopic properties of LnRu,Aljy (Ln = Pr, Nd,
and Gd) and LnOs,Al;o (Ln = Pr, Nd, Sm, and Gd) have been
reported.' 121921 Neutron diffraction studies of LnFe,Al,
(Ln = Tb, Dy, Er, and Ho) were also reported.22 Although
several reports exist, systematic studies of Ln7;Al;y have not
yet been performed. LnT,Al,, except for Ln = Ce and Yb,
is expected to be understood as a normal trivalent rare-earth
compound.’!® The crystalline electric field (CEF) splitting is
found to be small from the 7" dependence of x and the magnetic
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ordering temperature is low as expected from the long distance
of the nearest neighbor Ln ions (~5.2 A). Here, we note
the ferromagnetic instability in close proximity to a quantum
critical point of YFe,Al .23 It is reported that although
YRu;Aljg, CeFe; Al and YbFe;Alj exhibit the nonmagnetic
ground state, in YFe;Al o, exchange enhancement and mass
enhancement are observed. This suggests that the Fe ion is
located near the boundary between localized and itinerant,
and which type of nature appears depends on the Ln ion in
LnFezAllo.

In this Rapid Communication, we studied the magnetic
properties of GdT,Al;g (T = Ru and Fe) to clarify whether
the difference of T ion affects the ground state properties in
this system or not as was observed in Y7,Aljo and also to
study the magnetic anisotropy of a Gd ion without an orbital
moment.

GdT,Al}p (T =Ru and Fe) single crystals were grown
by an Al self-flux method. The magnetic susceptibility was
measured by SQUID magnetometry and the low temperature
magnetization was measured by a usual extraction method up
to 145 T.

The temperature (7') dependence of x and 1/x of GAT,Al;q
(T =Ru and Fe) measured at H = 0.1 T are shown in
Fig. 1(a). x» and x. are shown in GdRu;Al;y and x. in
GdFe;Al,, respectively. In the paramagnetic region, the T
dependence of x does not depend on the applied field direction
in both compounds as expected in Gd compounds. x; or x.
exhibits a sharp peak at 17 K in both compounds, indicating
the AFM order below 17 K. We should note that although
a difference of xy between GdRu,Alyy and GdFe,Al;y at
high temperatures is small, a large difference appears below
100 K. The increase of x below 100 K in GdFe;Al;( is much
larger than that in GdRu,Al . This difference between two
compounds is also clearly seen in the temperature dependence
of 1/x. In GdRu;Alyg, 1/x, shows a T-linear behavior in
the entire temperature region and g is 8.02ug, close to
that expected for a free Gd ion. The paramagnetic Curie
temperature 6, is —16 K whose magnitude is nearly the same
as Tn. On the other hand, in GdFe,Al;y, pegr is difficult
to estimate because a slope of 1/x. vs T is varied with
temperature, as if the CEF effect exists as is observed in
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FIG. 1. (Color online) (a) Temperature dependence of x and 1/x
below 300 K and (b) that of x along the three crystal axes measured
at H =0.1 T, (c) that of x of GdRu,Al;y in an expanded scale
around 7Ty, (d) magnetization curves at T = 1.4 K, (e) temperature
dependence of M under several magnetic fields, and (f) magnetic
phase diagrams of GdT',Alyo (T = Ru and Fe) for H || a. The arrows
in (e) indicate the transition temperatures. H,, is not drawn and for
T = Ru, only higher Tx; is shown.

rare-earth compounds with an orbital moment. As a result,
0, is varied with temperature. 6, is estimated to be ~—30 K
from a high temperature region but is 0 K below 50 K. As
such a T dependent 6, is not expected in a Gd ion without
an orbital moment, the present results indicate the existence
of some unknown mechanism in the exchange interaction in
GdFe;Al . Its mechanism should be such that the exchange
interaction between Gd ions is changed with temperature.
Figures 1(b) and 1(c) show the temperature dependence of
x of GdT,Aly (T = Ru and Fe) along the three crystal axes
at low temperatures and that of GdRu;Aljo in an expanded
scale around Ty, respectively. Both compounds show similar
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magnetic anisotropy. Below Ty, while x; and . exhibit a
large decrease, x, is roughly temperature independent. This
means that below Ty, a Gd moment is perpendicular to the a
axis and is in the bc plane. The magnitudes of both y; and
Xc at T = 0 K are roughly half of that at Ty. This suggests
that a Gd moment is aligned close to the [011] direction. In
GdFe,Al;, one transition at Ty = 17.2 K is observed and two
transition temperatures at 7Ty; = 16.5 K and Ty, = 17.6 K
in GdRu, Al are observed, as shown in Fig. 1(c). From the
similar anisotropic T dependence of x in both compounds,
the magnetic structure in the ground state is expected to be the
same in these two compounds.

Figures 1(d) and 1(e) show the magnetization curve (M-
H) at T =14 K and the temperature dependence of M
under several magnetic fields of GdT,Al;p (T = Ru and Fe),
respectively. The critical field to the paramagnetic region, H.,
is 9 T'in GdFe;Al;( and is expected to be ~17 T in GdRu,Aly.
In both compounds, a spin-flop transition is seen at Hyp ~ 2T
for H | b and ¢ and M shows a nearly H-linear increase
above H,s up to H.. In a magnetic field between H; and
H,, a spin-canted magnetization process is realized and the
anisotropy is expected to be small from a small magnitude
of H,s. Here, we should note the different relation of Ty vs
H. between two compounds. In GdRuAlyy, H. =17 T is
roughly the same energy scale as Tn. However, in GdFe,Al),
H. =9 T is about half of Ty. Figure 1(f) shows the magnetic
phase diagrams of GdT,Al;y (T = Ru and Fe). The different
magnitude of H. between two compounds is clearly seen,
regardless of nearly the same 7Ty. Thus, not only in the
paramagnetic region but also in the AFM ordered phase, a
largely different magnetic behavior is seen.

In LnT,Al,, the NN Ln ion is located on the zigzag chain
along the ¢ axis shown by solid gray lines in Fig. 2. The
distance between the NN Ln ion is ~5.2 A. The distance
between the nearest zigzag chains is ~7 A. This is rather
larger than 5.2 A. Then, it is natural to expect that the NN Gd
moments on the zigzag chain orders antiferromagnetically and
the two-sublattice model could be applicable. Our preliminary
results of NQR (nuclear quadrupole resonance) measurements
of GdRu,Aljj strongly suggests the commensurate magnetic
order.”’ Then, from the experimental results shown in Fig. 1(b),
mapMm 1s expected to be along the [011] direction and two kinds

Gd-Fe layer
(upper)

Gd-Fe layer
(lower)

FIG. 2. (Color online) Crystal structure of Ln7T,Al;, in the bc
plane. The proposed AFM structure in the ground state is shown by
arrows. The two sublattices are indicated by the red and blue arrows.
The solid gray lines indicate the zigzag chain along the ¢ axis. Small
circles indicate five Al sites and the AlS site is denoted in the figure.
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of domain of mapy || [011] and [011] are expected. This type
of AFM order is not usual. If magy is along the b or ¢ axis,
the magnetic dipole fields on the Gd moment from two NN Gd
moments are degenerate and a frustration effect is expected.
When mapy is aligned in the intermediate direction in the bc
plane as shown in Fig. 2, the magnetic dipole field on the Gd2
site from the Gdl site is stronger than that from the Gd3 site.
Namely, the magnetic dipole interaction between Gd1 and Gd2
is larger than that between Gd2 and Gd3. Then, there exists a
tendency to form a dimerized pair on the zigzag chain in the
AFM order. We estimated the magnetic dipole field on the Gd2
site from the surrounding Gd moments with 7up located inside
the sphere with a radius of 100 A. When the two-sublattice
AFM order as shown in Fig. 2 is assumed, it is 879, 568,
310, and 458 Oe when m gy || @, b, ¢, and [011], respectively.
Thus, if only the magnetic dipole field is considered as the
origin of the magnetic anisotropy below Ty, mapym || a is most
favorable. This contradicts the anisotropy of x below Tn. The
magnetic dipole field for mapym || b is quite small. However, its
component is contained in the AFM alignment. On the other
hand, the order of magnitude of the observed Hy is consistent
with that of /2 H4 H,, when the anisotropic field H4 ~ 103 Oe
and the exchange field H,, ~ 10° Oe. Our preliminary results
of the thermal expansion of GdRu,Aly indicate that the b
and c axes show a shrinkage and expansion, respectively, with
nearly the same magnitude, and the a axis shows a quite small
shrinkage below Ty.?® This means that the AFM order gets the
energy gain by shrinking the b axis and the variation of the a
axis is not associated with the energy gain in the AFM order.
The expansion of the ¢ axis might be a result of the shrinkage
of the b axis and supports the commensurate magnetic order.
Thus, the AFM order on the zigzag chain and the origin of the
magnetic anisotropy are interesting problems to be clarified.
The proposed AFM structure of the present compounds drawn
in Fig. 2 should be examined by a microscopic experimental
method in the future.

Here, we consider two kinds of AFM exchange interactions.
One is the intersublattice one, JAZ, and the other is the
intrasublattice one, JA4(=J28). The mean-field Hamiltonian
is as follows. The thermal average (S ) A etc., were determined
self-consistently.

H=Ha+Hp, Ha=» hi, Hp=) h’
i€eA ieB
ht = —JAP((S) 2 Sy + (5,2 Sy + (S5:)°5.)
— JANUSAS: + (S Sy + (S)™S.) + Hzeeman,
—JLPUSA S + (Sy)A Sy + (S:)4S.)
— JEPUSO PS4 (S))P Sy + (827 S) + Hzeeman-

The procedure to determine the exchange interactions is
as follows. First, we determine J# and JA4(=J2%) at low
temperature so as to reproduce the experimental results of
T at H =0 and H,. at T = 1.4 K. Second, we calculate the
temperature dependence of x and x ~! by using the exchange
interactions obtained in the first step. Third, if they are not
consistent with the experimental results, we introduce the tem-
perature dependence of the exchange interactions. Figure 3(a)
shows the calculated results of the 7 dependence of x and
1/x corresponding to those of T = Ru and Fe. Figures 3(b)
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FIG. 3. (Color online) (a) Temperature dependence of x and 1/x
where H is applied along the z axis under the initial condition of
mapm || [011] in the AFM phase, (b) magnetization curve at 7 = 0,
and (c) temperature dependence of M for T = Ru and Fe at low
temperatures where a spin-canted state is realized below Ty calculated
by a mean-field approximation.

and 3(c) show the M-H curve at T = 0 K and the temperature
dependence of M at low temperatures, respectively.

First, we discuss the case of GdRu,Al;y. In GdRu,Al,
once Jg/jcB is fixed to be —3.2 K, all the experimental
results could be reproduced very well without introducing
JAA(=JBP). Namely, Ty = 17 K and H, = 17 T could be
reproduced and the calculated x ' is very consistent with
the experimental results. The calculated 6, value of —17 K
is also consistent with the experimental value of ~—16 K.
Thus, GdRu,Al;y could be understood as the normal AFM
compound dominated only by JAZ.

Next, we discuss the case of GdFe,Aljy. In this compound,
as far as only JAZ is taken into account, the experimental
results could not be reproduced. In order to reproduce the small
magnitude of 6, = 0 K estimated below 50 Kand H. = 9T, we
should introduce the ferromagnetic interaction in the intrasub-
lattice interaction JA4(=J2%). To reproduce the experimental
results of Ty and H,., JA% = —1.7Kand JA4(=J2%) = 1.2K
are obtained. However, the temperature dependence of x
and x~' could not be reproduced. Then, the temperature
dependent exchange interactions should be taken into account
to reproduce 6,, which is varied with temperature. Thus,
phenomenologically, we introduce the simple form of the tem-
perature dependent exchange interactions as follows. Je/jcB =
—1.7—2.8 x {1 — (300 — T)*/300*} and JA%=JB8)=
1.2 x {(T —300)*}/300* Then, JA# is —4.5 K and —1.7 K
at T =300 and 0 K, respectively, and JA4(=J2%) is 0 and
1.2 K at T =300 and O K, respectively. The experimental
results of GdFe,Al;( also could be well reproduced by the
calculation as shown in Fig. 3, apart from a discrepancy
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of the temperature dependence of M at low temperatures
between the experimental and calculated results shown in
Fig. 3(c). This discrepancy is not serious but is expected
to be reduced by a small modification of the temperature
dependence of the exchange interactions at low temperatures.
Thus, we conclude that two kinds of exchange interactions
should be introduced and the exchange interactions should
be temperature dependent in GdFe,Alg. What is the origin
of the temperature dependent exchange interactions in this
compound? Here, we recall the unusual magnetic properties
of YFe,Alj, reported recently.”>">® Fe ion has a magnetic
moment in this compound and the magnitude of Fe moment
increases with decreasing temperature. YFe,Al;q is located
in a close region of the ferromagnetic instability. On the
other hand, in CeFe,Al,¢ and YbFe,Al;q, the Fe ion does not
have a moment. This is due to a large hybridization between
4 f electrons of Ce or Yb and the 3d one of Fe. Thus, the
Fe ion in LnT,Alj( is located near the boundary between
localized and itinerant nature. Considering such a situation, it
is natural to expect that the Fe ion in GdFe,Al;( has a magnetic
moment as in YFe,Al;y and the magnitude of the Fe moment
grows up with decreasing temperature. Then, it is natural
to ascribe the origin of the temperature dependent exchange
interaction between Gd ions to the exchange enhancement of
the Fe magnetic moment which grows up with decreasing
temperature. The different nature between GdRu,Aljy and
GdFe;, Al p might be associated with the different magnitude
of the c- f hybridization between magnetic CeRu,Al;y and
nonmagnetic CeFe,Alyg.

Finally, we discuss the relation between the phenomenolog-
ically introduced temperature dependent exchange interactions
and the crystal structure in GdFe,Al;o. The crystal structure
of LnT»Al;y could be viewed as a two-dimensional structure
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where a Ln-T layer in the ac plane is stacked along the b
axis by way of an Al5 site.'®?* While the NN Gd moments
on the zigzag chain are antiparallel, Gd moments in the Gd-Fe
layer order ferromagnetically on the surface and they form
the intrasublattice Gd moments. When the Fe moment has a
tendency to order ferromagnetically as a whole, the exchange
interaction between the Gd moments is affected by the Fe
moment. When the Fe moment grows up with decreasing
temperature, the ferromagnetic JA4(=J28) is expected to
increase by way of the ferromagnetic Fe moment. The same
mechanism could also be applicable for the origin of the
reduction of JAZ with a decrease of temperature. Namely,
Gd moments in the upper Gd-Fe layer are antiparallel to that
in the lower Gd-Fe layer. On the other hand, Fe moment
has a tendency to order ferro-magnetically in both layers.
Then, the magnitude of JAZ is expected to be reduced by the
growing up of the ferromagnetic Fe moment. Thus, the origin
of the temperature dependent exchange interactions between
Gd moments are induced by the Fe moment. It is interesting
to compare the properties of LnRu,Aljy and LnFe,Aly to
clarify the role of the Fe ion. The investigation of LnFe, Al is
important to clarify both the nature of the Ln-Fe interaction and
the origin of the different magnitude of the c- f hybridization
between CeRu,Al;o and CeFe,Aly.

In summary, the magnetic properties of the AFM compound
GdT,Alyg (T = Ru and Fe) were studied. We found that the
exchange interaction in GdFe, Al is varied largely with tem-
perature, different from a simple AFM magnet, GdRu,Al;.
We ascribed its origin to the exchange enhancement of the Fe
ion with decreasing temperature as was observed in YFe; Aljy.
The magnetic anisotropy in the AFM phase could not be
understood by the magnetic dipole interaction. This suggests
the characteristics of the AFM order on the zigzag chain.
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