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crystal structure of volborthite at low temperatures concerned in the present
study is the P21/a structure (supplemental material in ref. 20). In this struc-
ture, there are two kinds of crystallographically distinguished kagome layers
instead of one kind in the I2/m structure. However, the two kagome layers
have an identical arrangement of spin-carrying Cu 3 dx2Šy2 orbitals and
nearly equal bond lengths and angles, suggesting that the magnetic inter-
actions there may be almost the same. In fact, the DFT + U calculations
suggest nearly equal magnetic interactions for the two layers (19).

MCE.To determine the H-T phase diagram, we performed MCE experiments
in a pulsed magnetic field up to 33 T in two different conditions: one is an
adiabatic condition (A-MCE), and the other is a nearly isothermal condition
(I-MCE).

The field derivative of the isentropic curve T(H)S obtained by the A-MCE
measurement is given by
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where S, M, and C are entropy, magnetization, and heat capacity, respec-
tively (22). Thus, the T(H)Scurve is sensitive to any magnetic phase transition.
This has been demonstrated for Sr 3Ru2O7 (32), where multiple kinks in the
T(H)S curves are observed and successfully attributed to a series of field-
induced phase transitions.

To decide a phase boundary at lower temperatures, we carried out I-MCE
measurements in the nearly isothermal condition. Compared with A-MCE, I-
MCE is less sensitive to phase boundaries but can be performed at lower
temperatures. Moreover, it yields the field dependence of entropy at an almost
constant temperature (32). The I-MCE data are converted to entropy change
� S(H) by the equation � S=

R
� ðT Š TbÞ=Tdt , where � is the thermal conduc-

tance between the sample and the surrounding thermal bath and Tb is the
temperature of the thermal bath. Assuming a constant value of � , the field
dependence of � S is estimated in the arbitrary unit and plotted in Fig. 3 C.

Heat Capacity Measurements at Flat-Top Pulsed Magnetic Fields.Heat capacity
measurements under high magnetic fields above 20 T are not possible in
commercial equipment. Either static fields using a big facility or pulsed fields
with short time duration are necessary to generate larger magnetic fields. We
have employed the latter, but measuring heat capacity in a quickly varying
field is challenging. We recently succeeded in developing an experimental

technique that allows us to generate a flat-top pulsed magnetic field up to 60
T with the high field stability of ±0.005–0.01 T.

Our strategy for generating a stabilized pulsed magnetic field is depicted
in SI Appendix , Fig. S1. To generate a time-dependent field of a round arch
profile with the top over 40 T, a large current pulse ( � 10 kA) from the 210-
MJ flywheel motor generator is supplied to the main magnet. Slightly before
the magnetic field reaches the maximum value, an additional small current
(several hundred amperes) from the 50-V lead-acid battery is supplied to a
minimagnet set inside the main magnet. When the magnetic field reaches a
target value, the field-programmable gate array device starts a PID control
of magnetic field for every 2.5 � s. The current flow through the minimagnet
(i.e., the magnetic field generated by the minimagnet) is regulated by the
resistance of an insulated gate bipolar transistor as commonly used nowa-
days for motor control in electric cars, trams, and trains. During the PID
feedback control, the total field strength was kept at a constant value
within ±0.01 T (SI Appendix , Fig. S2), and the temperature fluctuation was
suppressed at least within ±0.01 K. Within this temperature fluctuation, we
could observe a clear temperature increase ( � T) by the application of a heat
(� Q) and obtained heat capacity ( C = � Q/� T) as seen in SI Appendix , Figs. S3
and S4. By measuring a Ge polycrystalline sample, we estimated the sensi-
tivity of the present setup in high magnetic field of 43.5 T ( SI Appendix ,
Fig. S5).

A series of heat capacity measurements were performed by the quasi-
adiabatic method at each flat-top field with time duration of � 0.2 s. A
temperature increase � T from a starting temperature T0 after a heat pulse
with � Q was measured, which yields C as � Q/� T. In one shot, more than 10
points of data with varying T0 were measured, and three to eight pulses
were used to get one set of temperature-dependent C(T) data shown in Fig.
4 at each field. We have applied this state-of-the-art technique to study the
SN phase of volborthite and obtained a complete H-T phase diagram. De-
tailed explanations on the heat capacity measurements can be found in
SI Appendix .
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