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Antiferromagnetic Ordering in Pyrochlore Yb2Ge2O7

Zhou, H. D. (Univ. Tennessee/NHMFL); Dun, Z.L. (Univ. Tennessee); Lee, M.S. (FSU/NHMFL) and Choi, E.S. (NHMFL)


Introduction 
Recently, the pyrochlores with spins constrained in the XY plane (the plane normal to the local <111> axis) has received a lot of attention due to exotic magnetic ground states. For examples, the XY-pyrochlore Er2Ti2O7 exhibits a quantum fluctuation induced order by disorder state (QOBD) and Yb2Ti2O7 exhibits unconventional ferromagnetic ordering. So far for Yb-pyrochlore, no antiferromagnetic ordering has been found. Our ability to make new Yb-pyrochlroe Yb2Ge2O7 using high temperature, high pressure technique gives another opportunity to explore new magnetic ground states in XY-pyrochlores. 

Experimental 
The AC susceptibility measurements were performed with a home-made setup in SCM2 at the NHMFL. The neutron diffraction measurements were performed in ORNL.














Figure 1(a) Elastic neutron scattering pattern and Rietveld refinement for Yb2Ge2O7 at T = 0.3 K and H = 0 T. (b) The difference between the patterns measured at 0.3 K (with H = 0 and 2 T) and 1.6 K. (c) The field dependence of the (220), (311), and (400) Bragg peaks intensities at 0.3 K. (d) The ac susceptibility at different temperatures. Inset: The dc magnetization measured at 0.6 K. (e) The magnetic phase diagram of Yb2Ge2O7.



Results and Discussion
Fig. 1d shows the AC susceptibility measured at low temperatures for Yb2Ge2O7. It is obvious there are two anomalies one is around 0.05 T and one is around 0.15 T (at 0.075 K) [1]. Combining our previous AC susceptibility results [2], which confirms the sample antiferromagnetically orders at 0.65 K, we are able to plot the phase diagram, as shown in Fig. 1(e). Meanwhile, our neutron diffraction experiments under magnetic field (Fig. 1-c) confirms that (i) at zero field, the magnetic ground state is an antiferromagnetic ordering with magnetic Bragg peak at (220) positions, which is the same as that of Er2Ti2O7. This indicates that Yb2Ge2O7 is another possible candidate for QOBD state; (ii) with applied magnetic field, the ground state will change to a ferromagnetic structure above 0.15 T. 
Therefore, our result is the first time to show that in Yb-pyrochlroes, the magnetic ground state can switch from ferromagnetic (in Yb2Sn2O7 and Yb2Ti2O7) to antiferromagnetic (in Yb2Ge2O7) and the QOBD could be realized in Yb-pyroclores too. Lately, we combine our results with the recent theories to propose that the exchange interactions change under the chemical pressure is the main reason for this dramatic ground state change.
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FIG. 2. (Color online) (a) Elastic neutron scattering pattern and
Rietveld refinement for Yb2Ge2O7 at T = 0.3 K and H = 0 T.
(b) The difference between the patterns measured at 0.3 K (with
H = 0 and 2 T) and 1.6 K. (c) The field dependence of the (220),
(311), and (400) Bragg peaks intensities at 0.3 K. (d) The ac
susceptibility of Yb2Ge2O7 at different temperatures. Inset: The dc
magnetization measured at 0.6 K. (e) The magnetic phase diagram of
Yb2Ge2O7.



alignment, and then another peak around Hc = 0.22 T to enter
the polarized state. With increasing temperature, both peaks’
positions move to lower fields and finally disappear above TN .
This double peak feature is similar to that of Er2Ge2O7 [24].
Along with our previous reported ac susceptibility data on
Yb2Ge2O7 [28], a magnetic phase diagram is plotted in
Fig. 2(e). However, due to the weak magnetic signal at (220)
and the small Hc, it is difficult to study how exactly this domain
alignment affects the (220) peak intensity, which obstructs
us from distinguishing between ψ2 and ψ3. One noteworthy
feature is that the dc magnetization measured at 0.6 K for
Yb2Ge2O7 reaches 1.6µB at 5 T. This value is consistent
with that of Yb2Ti2O7 and confirms the similar CEF scheme
between the Ge and Ti samples [33].



The selection of either the ψ2 or ψ3 phase breaks the con-
tinuous U(1) symmetry, which requires a pseudo-Goldstone
mode with a spin-wave gap below TN . For Er2Ti2O7, the
inelastic neutron scattering has confirmed the existence of
this gap (∼50 µeV) [17]. Meanwhile, the specific heat data
can reveal the information of this gap. Figure 3(a) shows the
electronic magnetic specific heat (Cm) of Yb2Ge2O7 [31].
Below TN , Cm follows an almost prefect T 3 behavior down to
0.2 K, as the red dashed line shows. However, it is obvious that
Cm deviates from this straight T 3 line to a lower value below
0.2 K. In contrast to a Goldstone mode where the Cm strictly
follows a T 3 law, the gap that exists in the pseudo-Goldstone
mode will multiply a component I"(T ) to T 3, which is
temperature dependent only in the temperature region that is
comparable to the energy gap ". The relationship between the
Cm and " has already been derived in the supporting material



of Ref. [13]. Here we rewrite it as
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where NA is the Avogadro constant, kB is the Boltzmann
constant, a is the lattice constant, v is the geometric mean
of magnon velocity, X = βk̃, and δ = β" (dimensionless).
The integration I"(T ) can be evaluated numerically with
a given ". I"(T ) approaches a unity at high temperatures
but decreases quickly when kBT is comparable to ", which
leads the deviation of the C"



m from the T 3 behavior at low
temperatures. The best fit of the measured Cm to Eq. (1) with
the " and A as two variables [blue line in Fig. 3(a)] yields the
" = 24 µeV and A = 15.67 J K−4 mol−1, which corresponds
to v = 45.8 m/s.



Similar analysis of the Cm for Er2Ge2O7 [Fig. 3(b)]
yields a spin-wave gap " = 45 µeV with A =
1.85 J K−4 mol−1(corresponds to v = 132 m/s). One noticed
feature is that at high temperatures, Cm follows a T 2.72



(not strict T 3) behavior. This could be due to the error bar
introduced by the low temperature nuclear Schottky anomaly
subtraction.



With the decreasing lattice parameter or the increasing
chemical pressure through the Sn to Ti to Ge samples, the
magnetic ground states change accordingly (Table I). Given
the fact that in these XY pyrochlores, the Jex dominate the
magnetic properties, the chemical pressure can finely tune the
Jex to lead to various magnetic ground states. This change of
Jex is supported by the systematic changes of the Curie
temperature and ordering temperature for XY pyrochlores
listed in Table I. Most strikingly, here we experimentally
confirm an AFM ψ2 or 3 phase in Yb pyrochlores despite the
apparently different dominant exchange interactions between
Yb and Er pyrochlores (Ising-like Jzz for Yb pyrochlores and
the XY planar J± for Er pyrochlores). This finding indicates
there are general rules to unify the various magnetic ground
states of all effective spin-1/2 pyrochlores.



Recent theoretical studies have made significant efforts to
unify the magnetic ground states of the XY pyrochlores. Wong
et al. [23] have scaled the Jex by J± as three variables (Jzz/J±,
Jz±/J±, J±±/J±) and calculated a two-dimensional magnetic
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FIG. 3. (Color online) The electronic magnetic specific heat Cm



for (a) Yb2Ge2O7 and (b) Er2Ge2O7. The red dashed lines show
linear fits of the arrow-marked regions and the blue solid lines show
fits considering the spin-wave gap.
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FIG. 2. (Color online) (a) Elastic neutron scattering pattern and
Rietveld refinement for Yb2Ge2O7 at T = 0.3 K and H = 0 T.
(b) The difference between the patterns measured at 0.3 K (with
H = 0 and 2 T) and 1.6 K. (c) The field dependence of the (220),
(311), and (400) Bragg peaks intensities at 0.3 K. (d) The ac
susceptibility of Yb2Ge2O7 at different temperatures. Inset: The dc
magnetization measured at 0.6 K. (e) The magnetic phase diagram of
Yb2Ge2O7.



alignment, and then another peak around Hc = 0.22 T to enter
the polarized state. With increasing temperature, both peaks’
positions move to lower fields and finally disappear above TN .
This double peak feature is similar to that of Er2Ge2O7 [24].
Along with our previous reported ac susceptibility data on
Yb2Ge2O7 [28], a magnetic phase diagram is plotted in
Fig. 2(e). However, due to the weak magnetic signal at (220)
and the small Hc, it is difficult to study how exactly this domain
alignment affects the (220) peak intensity, which obstructs
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tinuous U(1) symmetry, which requires a pseudo-Goldstone
mode with a spin-wave gap below TN . For Er2Ti2O7, the
inelastic neutron scattering has confirmed the existence of
this gap (∼50 µeV) [17]. Meanwhile, the specific heat data
can reveal the information of this gap. Figure 3(a) shows the
electronic magnetic specific heat (Cm) of Yb2Ge2O7 [31].
Below TN , Cm follows an almost prefect T 3 behavior down to
0.2 K, as the red dashed line shows. However, it is obvious that
Cm deviates from this straight T 3 line to a lower value below
0.2 K. In contrast to a Goldstone mode where the Cm strictly
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where NA is the Avogadro constant, kB is the Boltzmann
constant, a is the lattice constant, v is the geometric mean
of magnon velocity, X = βk̃, and δ = β" (dimensionless).
The integration I"(T ) can be evaluated numerically with
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FIG. 3. (Color online) The electronic magnetic specific heat Cm



for (a) Yb2Ge2O7 and (b) Er2Ge2O7. The red dashed lines show
linear fits of the arrow-marked regions and the blue solid lines show
fits considering the spin-wave gap.
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